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Abstract 
TOWARD THE SYNTHESIS OF A CARBON NANOTUBE END-CAP:  
APPLICATION OF A NEW BENZANNULATION METHOD TO THE FIRST 
SYNTHESIS OF PENTABENZO[a,d,g,j,m]CORANNULENE 
 
Natalie Joy Smith 
Dissertation Advisor: Dr. Lawrence T. Scott 
 
 The synthesis of carbon nanotubes is of great interest to a wide variety of 
chemists. Our approach uses traditional organic synthesis to build rationally designed 
fullerene fragments, which can be grown into carbon nanotubes. Two target bowls were 
selected for this research; one consisting of 50 carbon atoms, and the second containing 
40. Both bowls, when grown through a repetitive sequence of Diels-Alder addition and 
rearomatization, would result in the formation of [5,5] carbon nanotubes. 
 The first route attempted was the synthesis of a C50H10 end-cap using 
diphenanthrylcorannulene as an advanced intermediate. However, after a great deal of 
trial and error to make the substituted diphenanthrylketone needed, the route was 
abandoned when the aldol condensation of this ketone with acephenanthrylquinone could 
not be made efficient enough to continue with the synthesis. 
 The second synthetic target, the C40H10 end-cap, was pursued through the 
synthesis of corannulene, which was then substituted with bromine. The bromine atoms 
were converted to vinyl groups, and a Diels-Alder cycloaddition followed by 
rearomatization forms the new benzo substituent. This was successful for the smallest 
members of the benzocorannulene family; however, the yields were too low for a 
practical route to pentabenzo[a,d,g,j,m]corannulene from corannulene, which was the 
planned precursor for the ultimate formation of the target bowl. 
 An adapted method was employed for the synthesis of larger benzologs. 
Tribenzo[a,d,j]corannulene was prepared through a modified version of the literature 
method for the synthesis of dibenzo[a,g]corannulene. With this material characterized 
and available in gram quantities, the synthesis of pentabenzo[a,d,g,j,m]corannulene was 
pursued through the dibromination of tribenzo[a,d,j]corannulene, followed by vinylation 
and subsequent Diels-Alder reaction to accomplish a two-fold benzannulation. This 
molecule was synthesized and characterized here for the first time. 
Tetrabenzo[a,d,g,j]corannulene was also observed in some of the reactions, but was never 
isolated or characterized. 
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1.1 Introduction 
In recent years, carbon nanotubes have been the subject of intense study from a 
number of angles and for a wide variety of reasons. They have potential applications in 
materials, medicine and electronics, and they exhibit unique physical, chemical and 
electronic properties
1
 that entice the curiosity and incite the chemists and physicists alike 
to imagine a host of possibilities. The potential application range from the directly 
practical use of mixtures of carbon nanotubes to strengthen existing polymeric materials,
2
 
to the amazing and creative innovation of fashioning them into thin flexible ‘fabrics’ that 
can act as speakers and produce clear sound even while moving,
3
 to the dream of 
manufacturing a carbon nanotube cable strong enough to build an elevator into space,
4
 
which, for now, remains closer to the realm of science fiction than a practical reality. 
Some of the myriad uses for carbon nanotubes employ the material as a bulk mixture 
with a variety of sizes and diameters. Both single-wall and multi-wall carbon nanotubes 
are present in the mixtures. Multi-wall carbon nanotubes form essentially as tubes inside 
of tubes. This morphology also has uses in material applications and basic research. 
Other applications require more specific control of the diameter, chirality, and length of 
the tubes.  
For many of the more sensitive applications, single-walled carbon nanotubes are 
preferred since they exhibit more consistent properties. The electronic properties of 
carbon nanotubes are directly related to their structure and geometry; thus, control of 
these two characteristics is of paramount importance when synthesizing nanotubes for 
use in electronics. The variety of structures possible for single-wall carbon nanotubes can 
Diphenanthro[9,10-a:9′,10′-g]corannulene  Chapter 1 
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be divided into three basic groups (Figure 1
5
). Armchair carbon nanotubes are 
characterized by a series of bay regions around the edge of the tube with the benzene 
rings resting on their sides. In zigzag carbon nanotubes the benzene rings are oriented on 
end creating a zigzag pattern around the edge of the tube. Any orientation between these 
two basic forms creates a chiral nanotube having a helical twist along the length of the 
tube. The standard system of identification for single-wall carbon nanotubes shown in 
Figure 2 allows for the clear and precise designation of the exact structure of any given 
nanotube. In this method a hypothetical sheet of graphene is rolled up into a tube. A set 
of indices, m and n, are assigned based on the positions on the graphene sheet that are 
brought together to form the tube. For zigzag tubes n = 0, and for arm-chair nanotubes n 
= m. Any other combination of numbers constitutes a chiral nanotube, with the m and n 
clearly defining the handedness and degree of twist for the nanotube in question. Thus, 
Figure 1: Types of Carbon Nanotubes
5
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using this system, nanotubes of specific structure and diameter can be discussed without 
confusion. 
A number of studies into the relationship of the electronic properties of carbon 
nanotubes
6
 have shown that all armchair carbon nanotubes, regardless of the diameter, 
are electrically conductive. In contrast, only one-third of zigzag nanotube diameters result 
in conductivity, while the other two-thirds act as semiconductors. For chiral nanotubes 
the ratio of conductive to semi-conductive tubes is about half. This variation in electrical 
properties means that it is of vital importance for the more sensitive applications, such as 
Figure 2: Naming Carbon Nanotubes 
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electronics, that pure samples of one type or the other be used. However, current methods 
of synthesizing carbon nanotubes produce mixtures of the various geometries and often 
result in both single- and multi-wall nanotubes.
7
 Recently a great deal of work has been 
invested into the development of techniques for the effective separation of mixtures of 
nanotubes,
8
 but these efforts have been met with very limited success. What is needed is 
a method for careful control of both the chirality and size during production to obtain 
carbon nanotubes exhibiting precise, predetermined structure and uniform properties. 
The approach taken in the Scott lab focuses on the synthesis of armchair carbon 
nanotubes. Aside from being electrically conductive, their structure presents an appealing 
approach to the elongation of the tube using traditional synthetic organic chemistry 
(Figure 3
9
). The edge of an arm-chair nanotube consists in a series of aromatic bay 
regions, which can behave as conjugated dienes in Diels-Alder reactions with reactive 
dieneophiles. If acetylene were used, the reaction would result in the formation of a new 
benzene ring that, upon aromatization through the loss of H2, extends the aromatic system 
of the nanotube. The repetition of this process for each of the edge bay regions adds one 
complete layer of new benzene rings. Also created is a new set of bay regions around the 
rim that will then become the reaction sites for the next series of additions. In this way, 
the nanotube can be, in essence, grown from a short tube, belt, or bowl shaped template, 
which provides the structural information. 
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What remains then, to ensure the production of uniform material and precise 
control of the nanotube structure, is the rational design and synthesis of a template from 
which the nanotube can be grown. Recently, a great deal of attention has been turned 
toward the synthesis of cycloparaphenylenes
10
 and similar carbon belts
11
 which could be 
used as the starting point for the growth of longer nanotubes, while the Scott lab has long 
targeted fullerene fragments that could be used as templates.
12
 The work reported here 
explores two unique approaches to the synthesis of a bowl shaped template, which can be 
thought of as an end-cap from which a [5,5] armchair carbon nanotube can be grown.  
The first of two methods of interest in this research toward the synthesis of an 
end-cap template for a [5,5] carbon nanotube is illustrated in Scheme 1 and involves the 
synthesis of a bisphenanthryl substituted indenocorannulene (1.1) that can be stitched up 
under flash vacuum pyrolysis (FVP) conditions to yield a five-fold symmetric 50 carbon 
Figure 3: Growth from a Template
9 
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bowl. Under these harsh conditions of high temperature and low pressure, a series of new 
five and six member rings are formed. This end-cap then has the potential to be extended 
through the Diels-Alder cycloaddition of masked acetylene to the bay regions at the edge 
of the bowl followed by loss of H2, rearomatizing the newly formed ring. Repeating this 
process five times adds a complete layer of new benzene rings, and continuing the 
sequence adds further layers. The result would be the synthesis of single walled, armchair 
carbon nanotubes of uniform diameter. Retrosynthetic analysis for the C50H10 end-cap  
(Scheme 1) shows that the desired FVP precursor (1.1) could, in principle, be constructed 
in a fashion very similar to that used previously to synthesize dibenzo[a,g]corannulene 
Scheme 1: Retrosynthetic analysis for C50H10 end-cap 
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(1.10, Scheme 2).
13
 Early in the synthesis of 1.10, two primary starting materials (1.6 and 
1.7) are combined in a double aldol condensation to form a highly substituted 
cyclopentadienone (1.8), which is transformed into a fluoranthene derivative (1.9). This 
intermediate contains all of the carbon atoms needed, and all that remains is to introduce 
the curvature by forming the corannulene core. One of these two key materials is 
acenaphthylene-1,2-dione, which is commercially available. Unfortunately, the larger 
quinone ultimately needed for the synthesis illustrated in Scheme 1 is not commercially 
available, and requires a multistep synthesis. For this reason, the simpler starting material 
was chosen for initial studies into the development of a viable synthetic route. This would 
Scheme 2: Synthesis of Dibenzo[a,g]corannulene 
a) Fe2(CO)9, benzene b) KOH, MeOH c) 2,5-norbornadiene d) Pd(PCy3)2Cl2, DMAc, 
DBU 
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allow for reaction conditions to be worked out in the smaller system before time is spent 
on the synthesis of compound 1.4. Due to the close similarity of the two systems, 
conditions and improvements in the synthesis of the smaller system should be directly 
applicable to the larger with little modification. 
The second of the two important building blocks is the diaryl ketone. In the case 
of dibenzo[a,g]corannulene (1.10), the synthesis of the necessary 1,3-bis(2-
chlorophenyl)propan-2-one (1.6b) is accomplished in one step from the commercially 
available starting material, o-chlorobenzyl chloride (1.5b, Scheme 2). However, the 
synthesis of 1.3a or b is a much more difficult matter. Compound 1.3a has been 
previously synthesized in our laboratory with some success (Scheme 3).
14
 Though this 
route did produce 1.3a in 49% overall yield in 6 steps from 9-bromophenanthrene, it was 
thought that an alternate route to either 1.3a or b could shorten the synthesis and perhaps 
Scheme 3: Previous Synthesis of Bromoketone 1.3a 
a) Di-t-butylmalonate, NaH, THF, 75% b) Trifluoroacetic acid, DCM, 100% c) 
lead tetraacetate, pyridine, benzene, 74% 
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result in a higher overall yield of the ketone. In addition to the brominated compounds 
1.2a and 1.3a described in previous work, the use of chloro precursors 1.2b and 1.3b was 
also explored since chlorinated fluoranthene derivatives have been shown to give higher 
yields in the final Heck-type arylation reaction to form the corannulene core.
13
 Chlorine 
may also provide some advantage when considering the effects of steric crowding, which 
is likely to occur near the reaction centers with the presence of bulky phenanthrene 
substituents, both for the coupling to form the ketones and in subsequent reactions to 
transform these ketones into diphenanthryl[a,g]corannulene.  
1.2 Synthesis of (halophenanthryl)acetic acids 
The synthetic route described here (Scheme 4) begins with a Kumada coupling 
between methylmagnesium bromide and 9-bromophenanthrene (1.12) to give 98% of 9-
methylphenanthrene (1.13), which could then be brominated twice. The first bromination 
employed copper (II) bromide adsorbed onto neutral alumina as the brominating agent
15
 
to introduce the substituent at the 10 position. This occurs quantitatively and with nearly 
exclusive regioselectivity due to the high reactivity of the 9 and 10 positions on the 
phenanthrene core. Elemental bromine is also capable of performing this transformation, 
but copper (II) bromide on alumina is a much milder brominating agent. The second 
bromination is carried out with N-bromosuccinimide in a light induced radical reaction to 
add to the benzylic methyl group resulting in 9-bromo-10-(bromomethyl)phenanthrene 
(1.11a) in 98% yield. Attempts to directly couple 1.11a and form the ketone using diiron 
nonacarbonyl proved unsuccessful. None of the desired product was ever detected in the 
crude reaction mixtures. The only compound identified was starting material. Compound 
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1.11a was therefore converted to 9-bromo-10-cyanomethylphenanthrene (1.15a) 
quantitatively through displacement of the benzylic bromine by potassium cyanide. The 
subsequent acid hydrolysis of the cyano group provided 2-(10-bromophenanthren-9-
yl)acetic acid (1.16a), the proposed coupling monomer for the synthesis of the 
diarylketone, in 84% yield. This results in an overall yield of 80% over 5 steps from 1.12. 
 To take advantage of the higher yields observed for the solution-phase 
intramolecular arylation of aryl chlorides versus aryl bromides observed in the synthesis 
of dibenzo[a,g]corannulene,
13a
 2-(10-chlorophenanthren-9-yl)acetic acid (1.16b) was also 
synthesized through a parallel sequence of reactions from 1.13. The most notable 
difference is the use of copper (II) chloride to install the halogen in the electrophilic 
Scheme 4: Synthesis of halophenanthrylacetic acids 
a) MeMgBr, Ni(dppp)Cl2, Et2O, 98% b) CuX2/neutral alumina, C6H5Cl, 99% (X=Br); 
96% (X=Cl) c) Br2, DCM, 99% (X=Br); SO2Cl2, AlCl3, DCM, 98% (X=Cl) d) NBS, 
DCM, benzoyl peroxide, hν, 98% (X=Br); 97% (X=Cl) e) KCN, Bu4N
+
HSO4
-
, DCM, 
H2O, 99% (X=Br); 92% (X=Cl) f) H2O, AcOH, H2SO4 1:1:1, 84% (X=Br); 77% (X=Cl) 
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aromatic substitution step to give a 96% yield of 1.14b. Alternatively, reaction of 1.13 
with sulfuryl chloride in the presence of aluminum chloride also effectively installs a 
chloro substituent at the 10 position. The 5-step reaction sequence for the formation of 
1.16b proceeds efficiently to give a total yield of 65%. 
1.3 DCC and ketene dimerizations 
Scheme 5 illustrates the various methods to homocouple carboxylic acids 1.16a 
and b to obtain diaryl ketones 1.3a and b respectively. The first method attempted 
employed dicyclohexylcarbodiimide (DCC) to activate, couple, and hydrolyze the 
carboxylic acids.
16
 Although a variety of reaction conditions were tested for both 1.16a 
and b, no satisfactory results were obtained. In the case of 1.16a only traces of 1.3a were 
detected by proton NMR, and no product was ever successfully isolated from the crude 
reaction mixtures. The chlorinated compound (1.16b) did not perform noticeably better 
under DCC coupling conditions, and even formation of the acid chloride with either 
thionyl chloride or oxalyl chloride prior to coupling did not improve the results. 
An alternate coupling method involving the formation of ketenes from 1.16a and 
b was also explored (scheme 5). The ketenes, once formed, are predicted to dimerize 
under the reaction conditions. Subsequent acid hydrolysis of the dimer and 
decarboxylation should give the desired ketones (1.3a and b, respectively). However, 
implementation of this three step process with 1.16a never resulted in more than a minute 
trace of 1.3a in the proton NMR. The chlorinated precursor (1.16b) fared somewhat 
better with a maximum isolated yield of 6% of 1.3b. None of the coupling attempts 
utilizing 1.16a or b gave adequate yields for practical application in the further synthesis 
Diphenanthro[9,10-a:9′,10′-g]corannulene  Chapter 1 
13 
 
of diphenanthryl[a,g]corannulene; therefore, alternate pathways to obtain compounds 
1.3a and b were sought. 
1.4 The Thorpe reaction – nitrile dimerization 
The first alternate pathway considered was use of the Thorpe reaction
17
 to 
dimerize compounds 1.15a or b before hydrolysis to the respective carboxylic acids 
(Scheme 6). This reaction is analogous to an aldol condensation involving the reaction of 
Scheme 5: DCC and Ketene Dimerizations 
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two nitrile groups instead of carbonyls. The resulting compounds are enaminonitriles, 
which have been shown to hydrolyze under acidic conditions.
18
 When applied to 1.15a 
and b, proton NMR and mass spectra appeared to confirm the formation of intermediates 
1.17a and b in yields better than 80%. Acid hydrolysis of these compounds was 
immediately attempted but was never successful. Upon full characterization of the 
products it was determined that 1.17a and b were never formed in the initial 
condensation. Instead the products isolated were the primary amides 1.18a and b 
resulting from the hydrolysis of starting materials 1.15a and b respectively.  The Thorpe 
reaction might be more successful if run under meticulously dry conditions; however, this 
was never attempted since attention had already been turned toward alternate coupling 
methods. 
1.5 Methylformate coupling 
The final synthetic route discussed in this study features the homocoupling of a 
much earlier synthetic intermediate. The coupling partners consist primarily of 1.13 and 
its halogenated derivatives (1.11b and 1.14b, scheme 7). The coupling reaction involving 
methyl formate was first performed on 1.13 to determine if the reaction would work as 
a) t-BuO
-
K
+
, t-BuOH, 84% (X=Br); 93% (X=Cl) 
Scheme 6: The Thorpe Reaction 
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predicted for the simple hydrocarbon and be a viable synthetic route for the halogenated 
materials. After deprotonation of the benzylic methyl group of 1.13 with n-butyllithium, 
methyl formate is added to the reaction. The electrophilic carbon atom of the methyl 
formate is attacked sequentially by two anionic 9-methylphenanthrene molecules to form 
the diaryl substituted isopropanol (1.19) in 16% isolated yield. With the consideration 
that the final step in the total synthesis of diphenanthryl[a,g]corannulene requires the 
presence of halogens on the aromatic rings to accomplish the cyclization step to form the 
corannulene core through either FVP or solution phase, Heck-type intramolecular 
a) n-BuLi, THF, then methyl formate b) CuBr2/neutral alumina, C6H5Cl c) PCC, DCM/THF 
Scheme 7: Methylformate couplings 
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arylation, the coupling reaction to form 1.19 is only of value if the resulting alcohol can 
be halogenated at the desired position on each of the phenanthrene moieties. To test this 
possibility, the bromination of 1.19 was attempted through the use of copper (II) bromide 
adsorbed onto neutral alumina. Unfortunately the reaction was not successful, and no 
amount of dibrominated alcohol 1.20 was ever detected by proton NMR. 
In light of the difficulties encountered in the various synthetic routes attempted, 
even the modest yield obtained for the methyl formate coupling of 1.13 was encouraging. 
It was clear from the failed bromination attempt, however, that the halogens would have 
to be in place before the coupling procedure. With this in mind, 1.11b was submitted to 
the methyl formate reaction conditions with the hope that the n-butyllithium would 
preferentially exchange with the benzylic bromine and leave the aromatic chlorine 
substituent untouched. The analogous reaction on 1.11a was never attempted as it is 
unlikely that the lithium reagent would discriminate between the two bromine atoms. 
Unfortunately the only compound identified in the crude mixture obtained from the 
reaction of 1.11b was debrominated starting material (1.14b). As a final attempt to find a 
productive scenario for this coupling method, the same conditions were applied to 1.14b, 
which, it was hoped, without the bromine would behave more like compound 1.13. 
Happily, this reaction did result in the identification and isolation of the expected 
product, 1,3-bis(10-chlorophenanthren-9-yl)propan-2-ol (1.21), in 19% yield (scheme 7). 
Despite the low yield, the methyl formate coupling of 1.14b was pursued as the 
method of choice for the synthesis of diarylketone 1.3b, since none of the other methods 
attempted produced significant quantities of purified ketone. One significant advantage to 
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the methyl formate reaction over the DCC or ketene couplings is the use of simpler 
starting materials that are accessible in a few steps from commercially available 
compounds. The number of steps required for the complete synthesis is therefore 
reduced, and a lower yielding step is better tolerated. Following this route, 100 mg 
quantities of 1.21 were obtained, and a simple oxidation with pyridinium chlorochromate 
(PCC) afforded the target diaryl ketone (1.3b) in 82% isolated yield. With this 
accomplishment, work could begin on the next step in the larger total synthesis, the 
double aldol condensation of 1.3b with acenaphthylene-1,2-dione (1.7). 
1.6 Condensation with acenaphthylene-1,2-dione 
The two-fold aldol condensation of 1.3b and 1.7 (Scheme 8) was previously 
explored for 1.3a using a variety of bases and solvents,
14
 none of which were successful 
in forming significant quantities of the brominated version of cyclopentadienone 
intermediate (1.22). Since the methods explored in this study were unable to produce 
1.3a, only the chlorinated ketone (1.3b) was used in the development and optimization of 
the base-catalyzed reaction with 1.7. When the aryl substituents are phenyl groups, this 
transformation occurs readily with potassium hydroxide in methanol at room temperature 
in just a few hours;
13
 however, attempts with potassium hydroxide or potassium t-
butoxide in a variety of solvents and elevated temperatures failed when applied to the 
chlorophenanthryl system. 
Only by pre-forming the enolate of 1.3b with lithium diisopropyl amine (LDA) at 
elevated temperatures before adding 1.7, was any of the cyclopentadienone intermediate 
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Table 1: Conditions for Aldol Condensation 
Scheme 8: Double Aldol Condensation 
Entry LDA 
(eq)
Solvent Conc.
(M)
Additive temp time Yield 
(%)
1 2.0 THF 0.11 - r.t. 20 h -
2 2.2 THF 0.04 - 70  C 2 h -
3 2.1 THF 0.04 - 70  C 7 h 5
4 2.1 Dioxane 0.04 - 100  C 7 h 12
5 2.1 Dioxane 0.04 - 100  C 16.5 h 5
6 2.1 Dioxane 0.03 - 100  C 16.5 h 3
7 2.0 Dioxane 0.04 - 100  C 7 h 6
8 2.0 Dioxane 0.04 - 100  C 7 h 2
9 2.0 Dioxane 0.04 1.5 eq LiOH 100  C 7 h 7
10 2.0 Dioxane 0.04 8.7 eq MeOH 100  C 7 h 7
11 2.0 Dioxane 0.04 0.75 eq LiOH 130  C 7 h 11
12 2.0 Dioxane 0.08 0.53 eq LiOH 130  C 6.5 h 6
13 2.0 Dioxane 0.04 0.6 eq LiOH
10 eq NMP
130  C 6.5 h -
14 2.0 Dioxane 0.04 0.71 eq LiOH 130  C 17 h 11
15 2.0 Dioxane 0.08 0.66 eq LiOH 130  C 17 h 5
16 2.0 Dioxane 0.04 0.71 eq LiOH
10 eq NMP
130  C 17 h 4
17 2.0 Dioxane 0.04 - 130  C 17 h 4
18 4.0 Dioxane 0.04 - 130  C 17 h 6
19 2.0 Dioxane 0.04 4.0 eq (EtO)2CO 130  C 17 h -
20 2.0 Dioxane 0.05 - 180  C 17 h 14
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(1.22) detected in the crude reaction mixture (Scheme 8). With this thin thread of success 
as a starting point, a number of variations on the reaction conditions were tried (Table 1). 
The isolated yields for these reactions varied unpredictably in the range of 0 to 14%. 
Unfortunately most of the changes explored did not result in any discernable trends with 
regard to the composition of the crude material, and no significant improvements were 
achieved in the amount of product isolated. The only change that showed any 
improvement was increasing the reaction temperature, which did result in some 
improvement in the isolated yield; however, the increase is modest at best with the 
highest yield of 1.22 (14%) obtained at 180 °C. The temperatures that would be required 
to obtain 1.22 in acceptable yields render the reaction impractical without specialized 
equipment.  
1.7 Conclusions 
Ultimately the synthesis of 1.3a was not improved by any of the methods 
descriped here, and though 1.3b has not been synthesized by the former method (Scheme 
3), it is likely the latter would produce better overall results in this case as well. However, 
upon consideration of the very poor and inconsistent yields for the double aldol 
condensation, it was decided that the synthesis of compounds 1.3a or b and their 
elaboration is not a practical synthetic route to diphenanthro[9,10-a:9′,10′-g]corannulene 
or the related [5,5] carbon nanotube end-cap. The potential difficulty of the steps to 
follow the aldol condensation was also taken into account when considering the benefit 
of continuing work on this synthetic route. It is highly probable that the next step in the 
proposed synthesis, a Diels-Alder addition of norbornadiene to 1.22 followed by the loss 
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of carbon monoxide and subsequent rearomatization through a retro-Diels-Alder reaction 
to form a substituted fluoranthene, would also meet with great difficulty due to steric 
crowding near the diene, and may in fact not succeed at all.  
Alternate methods of synthesizing diphenanthryl[9,10-a:9′,10′-g]corannulene, 
explored in the Scott lab, have met with a greater degree of success.
19
 Considering the 
amount of time and effort spent on this synthesis with diminishing returns, the focus of 
this research was shifted to an entirely different approach to the synthesis of a [5,5] 
carbon nanotube end-cap, the synthesis of pentabenzo[a,d,g,j,m]corannulene. 
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1.8 Experimentals 
1.8.1 General 
Commerically available chemicals were used as received without further purification 
unless noted. Dry solvents were purified using a Glass Contour solvent purification 
system. Butyllithium reagents were titrated against diphenylacetic acid prior to use. Thin 
layer chromatography was carried out using Sorbent G polyester backed TLC plates with 
UV 254 nm. Preparative TLC was done on Analtech tapered silica GF plates. Silica gel 
chromatography was carried out using Sorbent Technology or Zeochem silica gel with a 
porosity of 60 Å and a particle size of 32-63 µm. NMR spectra were recorded in the 
Boston College Nuclear Magnetic Resonance Center on Varian instruments. NMR shifts 
are reported in ppm downfield from tetramethylsilane, using the solvent as the standard 
reference: chloroform-d1 (δH = 7.26 ppm, δC = 77.0 ppm), dimethylsulfoxide-d6 (δH = 
2.50 ppm, δC = 39.4 ppm). Mass spectrometry was performed in the Boston College Mass 
Spectrometry Center on a DART-TOF spectrometer operating in positive ionization 
mode. Infrared spectrometry (IR) was run on a Nicolet Avatar 360 FT-IR spectrometer. 
Melting points are reported uncorrected. 
 
  
Diphenanthro[9,10-a:9′,10′-g]corannulene  Chapter 1 
22 
 
1.8.2 9-Methylphenanthrene (1.13) 
 
In a 500 mL, flame dried round bottom flask 25.0 g (97.2 mmol) 9-bromophenanthrene 
and 0.473 g (0.873 mmol) Ni(dppp)Cl2 were mixed in 120 mL dry diethyl ether. After 
addition of 60 mL of a 3 M methylmagnesium bromide solution (180 mmol) via syringe, 
the reaction mixture was stirred at reflux for 2 h. The mixture was cooled in an ice bath 
while 10% aqueous HCl was added slowly to quench. The mixture was thoroughly 
extracted with diethyl ether. The combined organic layers were washed with water and a 
saturated sodium bicarbonate solution. The solvent was removed under vacuum, and 18.3 
g (95.2 mmol, 98% yield) clean product was collected as a white solid. 
1
H NMR (400 MHz, CDCl3): δ 8.81-8.74 (m, 1H), 8.70 (d, J = 8.2 Hz, 1H), 8.14-8.09 
(m, 1H), 7.89-7.84 (m, 1H), 7.75-7.68 (m, 2H), 7.67-7.61 (m, 3H), 2.78 (d, J = 1.0 Hz, 
3H).  
lit.
20
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1.8.3 9-Bromo-10-methylphenanthrene (1.14a)    
1.8.3.1   Copper (II) bromide on alumina 
 
In a 250 mL round bottom flask, 2.90 g (13.0 mmol) CuBr2 was dissolved in water. After 
addition of 4.43 g of neutral alumina the water was removed, and the resulting black 
powder was added to a 250 mL round bottom flask containing 0.500 g (2.60 mmol) 9-
methylphenanthrene in 40 mL chlorobenzene. The reaction was stirred at 80 °C for 2 h 
before filtering and removal of the solvent. The resulting yellow product weighed 0.704 g 
(2.60 mmol, 99.8%). 
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1.8.3.2   Elemental bromine 
  
In a 250 mL round bottom flask, 5.00 g (26.0 mmol) 9-methyphenanthrene was dissolved 
in 60 mL dichloromethane. The solution was cooled in an ice bath before the slow 
addition of a solution of 2 mL (40 mmol) bromine in 20 mL dichloromethane. Upon 
completion of the addition, the reaction mixture was left to stir overnight (16 h) while it 
slowly warmed to room temperature. The reaction was quenched with 40 mL of 10% aq 
sodium thiosulfate. The organic layer was dried over magnesium sulfate and poured 
through a plug of silica. The solvent was removed under reduced pressure, and the pale 
yellow product was obtained in 99% yield (6.99 g, 25.8 mmol). 
1
H NMR (400 MHz, CDCl3): δ 8.73-8.66 (m, 2H), 8.50-8.47 (m, 1H), 8.16-8.13 (m, 1H), 
7.71-7.63 (m, 4H), 2.98 (s, 3H).  
lit.
21
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1.8.4 9-Bromo-10-(bromomethyl)phenanthrene (1.11a) 
 
In a 250 mL round bottom flask 14.5 g (53.3 mmol) 9-bromo-10-methylphenanthrene, 
9.76 g (54.8 mmol) N-bromosuccinimide, and a small amount of benzoyl peroxide were 
dissolved in 200 mL dichloromethane. The solution was stirred for 16.5 h while being 
irradiated with a 250 Watt tungsten lamp. After cooling, the solution was dried over 
magnesium sulfate and filtered through a plug of silica. The solvent was removed under 
reduced pressure to give 18.2 g (52.0 mmol, 98%) of clean product. 
1
H NMR (400 MHz, CDCl3): δ 8.76-8.71 (m, 1H), 8.70-8.67 (m, 1H), 8.53-8.49 (m, 1H), 
8.25-8.19 (m, 1H), 7.79-7.68 (m, 4H), 5.32 (s, broad, 2H).  
lit.
22
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1.8.5 Diiron nonacarbonyl coupling 
 
In a flame dried 25 mL, 2-neck, round bottom flask equipped with a reflux condenser, 
100 mg (0.286 mmol) 9-bromo-10-(bromomethyl)phenanthrene and 0.117 g (0.322 
mmol) diiron nonacarbonyl were mixed in 5 mL anhydrous benzene. The reaction 
mixture was stirred at reflux for 16 h. After cooling to room temperature, the reaction 
mixture was diluted with dichloromethane and washed through a silica plug to remove 
the iron reagent. The solvent was removed under reduced pressure. Only starting material 
was identified in the crude proton NMR spectrum. 
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1.8.6 9-Bromo-10-(cyanomethyl)phenanthrene (1.15a) 
 
In a 250 mL round bottom flask, 5.00 g (14.3 mmol) 9-bromo-10-bromomethyl-
phenanthrene was dissolved in 80 mL dichloromethane along with 2.49 g (7.33 mmol) 
tetrabutylammonium hydrogen sulfate. A solution of 4.70 g (72.2 mmol) potassium 
cyanide in 80 mL of water was added to the flask, and the biphasic reaction mixture was 
stirred at room temperature for 22 h. The organic layer was washed twice with water and 
once with brine before drying over magnesium sulfate. The solution was poured through 
a plug of silica. The product recovered after removal of the solvent weighed 4.22 g (14.3 
mmol, 99.7%). 
1
H NMR (400 MHz, CDCl3): δ 8.78-8.74 (m, 1H), 8.73-8.70 (m, 1H), 8.50-8.47 (m, 1H), 
8.11-8.06 (m, 1H), 7.79-7.70 (m, 4H), 4.55 (s, 2H).  
lit.
23
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1.8.7 2-(10-Bromophenanthren-9-yl)acetic acid (1.16a) 
 
In a 100 mL round bottom flask, 8.00 g (27.0 mmol) of 9-bromo-10-(cyanomethyl)-
phenanthrene was combined with a solution consisting of 8 mL each of water, acetic acid, 
and concentrated sulfuric acid. The mixture was heated to reflux (135 °C) for 3 h. After 
allowing the reaction mixture to cool to room temperature, it was filtered and the solid 
washed with water and dichloromethane before drying. The product recovered weighed 
7.18 g (22.8 mmol, 84%). 
1
H NMR (400 MHz, CDCl3): δ 8.78-8.70 (m, 2H), 8.51-8.48 (m, 1H), 8.11-8.08 (m, 1H), 
7.80-7.70 (m, 4H), 4.56 (s, 2H). 
1
H NMR (400 MHz, DMSO-d6): δ 8.93 (d, J = 6.7 Hz, 2H), 8.42-8.37 (m, 1H), 8.15 (d, J 
= 8.0 Hz, 1H), 7.82-7.70 (m, 4H), 4.48 (s, 2H).  
lit.
23
 
  
Diphenanthro[9,10-a:9′,10′-g]corannulene  Chapter 1 
33 
 
  
p
p
m
 (
t1
)
1
.0
2
.0
3
.0
4
.0
5
.0
6
.0
7
.0
8
.0
9
.0
1
0
.0
p
p
m
 (
t1
)
7
.5
0
7
.7
5
8
.0
0
8
.2
5
8
.5
0
8
.7
5
9
.0
0
1
H
 N
M
R
 (
4
0
0
 M
H
z,
 D
M
S
O
-d
6
)
Diphenanthro[9,10-a:9′,10′-g]corannulene  Chapter 1 
34 
 
1.8.8 9-Chloro-10-methylphenanthrene (1.14b) 
1.8.8.1   Copper (II) chloride on alumina 
 
The copper/alumina reagent was prepared by dissolving 13.3 g (78.0 mmol) CuCl2·H2O 
in water. After the addition of 26.6 g neutral alumina, the water was removed, and the 
solid dried until a fine powder was obtained. This material was added directly to a 
solution of 3.00 g (15.6 mmol) 9-methylphenanthrene in 150 mL chlorobenzene. The 
reaction mixture was stirred at reflux for 5.5 h. After cooling to room temperature, the 
mixture was filtered to remove the solid, which was washed with toluene. The organic 
filtrates were combined and the solvent removed under vacuum. The product collected 
weighed 3.40 g (15.0 mmol, 96%).  
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1.8.8.2   Sulfuryl chloride 
 
In a flame dried 15 mL round bottom flask, 1.00 g (5.20 mmol) 9-methylphenanthrene 
and 0.173 g (1.30 mmol) AlCl3 were dissolved in 5 mL dry dichloromethane at 0 °C to 
form a blue solution. A 0.38 mL (4.7 mmol) portion of SO2Cl2 was added very slowly to 
the reaction mixture, which was then stirred at 0 °C for 1 h before being poured into 
water to quench. The mixture was extracted with dichlormethane. The combined organic 
layers were washed with water and brine, dried over magnesium sulfate, and the solvent 
was removed under reduced pressure. The product collected was a brown solid weighing 
1.16 g (5.10 mmol, 98%). 
1
H NMR (400 MHz, CDCl3): δ 8.73-8.66 (m, 2H), 8.47-8.42 (m, 1H), 8.13-8.08 (m, 1H), 
7.71-7.63 (m, 4H), 2.90 (s, 3H). 
lit.
23
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1.8.9 9-(Bromomethyl)-10-chlorophenanthrene (1.11b) 
 
In a 100 mL round bottom flask with a reflux condenser, 1.00 g (4.41 mmol) 9-chloro-10-
methylphenanthrene, 0.789 g (4.43 mmol) N-bromosuccinimide, and a small amount of 
benzoyl peroxide were mixed with 50 mL dichloromethane. The reaction mixture was set 
to stir for 16 h under irradiation from a 250 W tungsten lamp. The reaction mixture was 
allowed to cool before the solution was dried over magnesium sulfate and filtered 
through a silica plug. The solvent was removed under reduced pressure to leave 1.31 g 
(4.29 mmol, 97%) of clean product. 
1
H NMR (300 MHz, CDCl3): δ 8.72-8.63 (m, 2H), 8.49-8.43 (m, 1H), 8.19-8.12 (m, 1H), 
7.76-7.66 (m, 4H), 5.22 (s, 2H). 
lit.
23
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1.8.10   9-Chloro-10-(cyanomethyl)phenanthrene (1.15b) 
 
In a 50 mL round bottom flask, 1.00 g (3.27 mmol) 9-(bromomethyl)-10-chloro-
phenanthrene was dissolved in 25 mL dichloromethane, and 0.560 g (1.65 mmol) 
tetrabutylammonium hydrogen sulfate was added. A solution of 1.07 g (16.4 mmol) 
potassium cyanide in 25 mL water was added to the flask, and the biphasic reaction 
mixture was stirred at room temperature for 16.5 h. The organic layer was washed with 
water and brine, dried over magnesium sulfate, and filtered through a plug of silica. The 
solvent was removed under reduced pressure to afford the product in 92% yield (0.760 g, 
3.02 mmol). 
1
H NMR (400 MHz, CDCl3): δ 8.76-8.67 (m, 2H), 8.47-8.42 (m, 1H), 8.07-8.01 (m, 1H), 
7.78-7.70 (m, 4H), 4.44 (s, 2H). 
lit.
23
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1.8.11   2-(10-Chlorophenanthren-9-yl)acetic acid (1.16b) 
 
In a 50 mL round bottom flask, a solution consisting of 8 mL each of water, acetic acid, 
and concentrated sulfuric acid was added to 2.00 g (7.95 mmol) 9-Chloro-10-
(cyanomethyl)phenanthrene. The reaction mixture was stirred at reflux for 14 h then 
cooled to room temperature and diluted with water. The solid was collected by filtration 
and washed thoroughly with water and dichloromethane. After drying, the product 
weighed 1.65 g (6.10 mmol, 77%). 
1
H NMR (400 MHz, CDCl3): δ 8.73-8.66 (m, 2H), 8.47-8.43 (m, 1H), 7.99-7.95 (m, 1H), 
7.73-7.63 (m, 4H), 4.50 (s, 2H). 
1
H NMR (400 MHz, DMSO-d6): δ 8.96-8.90 (m, 2H), 8.39-8.35 (m, 1H), 8.15-8.10 (m, 
1H), 7.83-7.78 (m, 2H), 7.78-7.71 (m, 2H), 4.40 (s, 2H). 
lit.
23
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1.8.12   DCC coupling of 1.16a 
 
In a flame dried 15 mL round bottom flask, a solution of 83.8 mg (0.406 mmol) 
dicyclohexylcarbodiimide (DCC) in 2.5 mL of dry dichloromethane was added to 100 mg 
(0.317 mmol) 2-(10-bromophenanthren-9-yl)acetic acid. After 5 min, a solution of 11.7 
mg (0.0958 mmol) of dimethylaminopyridine (DMAP) in 2.5 mL dry dichloromethane 
was added slowly. Once addition was complete, the reaction mixture was stirred at room 
temperature for 2 d. Dichloromethane was added along with a few drops of water to 
dilute the reaction and convert the remaining DCC into N,N′-dicyclohexylurea (DCU). 
The mixture was filtered, dried over magnesium sulfate, and the solvent was removed 
under reduced pressure. Traces of the desired ketone were detected in the NMR, but the 
product was never isolated. The primary material produced was the single adduct of the 
starting material with DCC. The reaction did not proceed to completion. 
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1.8.13   DCC coupling of 1.16b 
 
In a 15 mL flame dried round bottom flask, 96.6 mg (0.468 mmol) dicyclohexyl-
carbodiimide (DCC) and 13.5 mg (0.111 mmol) DMAP were dissolved in 5 mL dry 
dichloromethane. After the addition of 100 mg (0.369 mmol) 2-(10-chlorophenanthren-9-
yl)acetic acid, the reaction mixture was stirred at room temperature for 47 h. The mixture 
was diluted with dichloromethane and filtered. The filtrate was dried over magnesium 
sulfate and the solvent was removed under reduced pressure. Small amounts of product 
were detected in the crude mixture but the primary material collected was the starting 
material condensed with DCC. 
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1.8.14   Acid chloride coupling of 1.16b 
 
In a 10 mL round bottom flask, 100 mg (0.369 mmol) 2-(10-chlorophenanthren-9-
yl)acetic acid was dissolved in 1.0 mL thionyl chloride, then heated to 50 °C for 2 h. The 
excess thionyl chloride was removed under vacuum, and the flask was placed under a 
nitrogen atmosphere. Dry dichloromethane (2.5 mL) was added to the reaction flask 
followed by 78.1 mg (0.639 mmol) dimethylaminopyridine (DMAP). The reaction was 
stirred at room temperature for 2 days. The solvent was removed, and water was added. 
The aqueous mixture was stirred at 50 °C for 30 min then acidified and extracted 
thoroughly with dichloromethane. No product was isolated, and only starting material 
was observed in the NMR spectra. 
  
Diphenanthro[9,10-a:9′,10′-g]corannulene  Chapter 1 
46 
 
1.8.15   Ketene dimerization of 1.16a 
   
In a 25 mL round bottom flask, 500 mg 2-(10-bromophenanthren-9-yl)acetic acid was 
mixed with 5 mL thionyl chloride and stirred at 60 °C for 2.5 h. After the remaining 
thionyl chloride was removed under reduced pressure, the reaction flask was placed 
under a nitrogen atmosphere, and 5 mL dichloromethane was added. The solution was 
cooled to 0 °C before the addition of 22.4 mg (0.163 mmol) Et3N·HCl and 0.22 mL (1.6 
mmol) Et3N. The reaction mixture was stirred at 0 °C for 1 h then warmed to room 
temperature and stirred for 20 h. The solution was washed with 50 mL of 1% aq sulfuric 
acid, and the solvent was removed under reduced pressure. A 2% aq NaOH solution (30 
mL) was added, and the mixture was stirred at 100 °C for 2 h. After cooling to room 
temperature, the aqueous mixture was thoroughly extracted with dichloromethane. The 
combined organic layers were dried over magnesium sulfate, and the solvent was 
removed under vacuum to yield 31.2 mg of crude material. Traces of product were 
observed in the proton NMR spectrum, but it was never isolated. Mostly starting material 
was observed. 
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1.8.16   Ketene dimerization of 1.16b 
 
In a 25 mL round bottom flask, 500 mg (1.85 mmol) 2-(10-chlorophenanthren-9-yl)acetic 
acid was mixed with 5 mL thionyl chloride and heated to 60 °C for 2 h. After cooling, the 
excess thionyl chloride was removed under reduced pressure, and the flask containing the 
residue was flushed with dry nitrogen. To this was added 5 mL dry dichloromethane, and 
the mixture was cooled in an ice bath before 0.26 mL (1.8 mmol) triethylamine was 
added. The reaction mixture was stirred at 0 °C for 1 h, and then warmed to room 
temperature to stir for 20 h. The reaction mixture was diluted with dichloromethane and 
washed three times with 2% aq sulfuric acid. The solvent was removed under reduced 
pressure before 30 mL of 2% aq sodium hydroxide was added and the mixture heated to 
100 °C for 90 min. After being allowed to cool to room temperature, the aqueous mixture 
was thoroughly extracted with dichloromethane. The combined organic layers were dried 
over magnesium sulfate, and the solvent was removed under reduced pressure. The 
product was purified by chromatography on silica eluting with a 4:1 hexanes: 
dichloromethane solvent mixture to give 28.5 mg (0.0594 mmol, 6.4%) of the product. 
Remaining starting material was recovered by acidifying the basic aqueous solution and 
extracting with dicholormethane. 
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1
H NMR (500 MHz, CDCl3): δ 8.69 (d, J = 7.5 Hz, 4H), 8.45-8.42 (m, 2H), 7.76 (d, J = 
8.0 Hz, 2H), 7.73-7.67 (m, 4H), 7.64 (ddd, J = 8.2 Hz, 7.1 Hz, 1.1 Hz, 2H), 7.51 (ddd, J = 
8.2 Hz, 7.1 Hz, 1.1 Hz, 2H), 4.62 (s, 4H). 
See section 1.8.23 below for full compound characterization.  
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1.8.17   2-(10-Bromophenanthren-9-yl)acetamide (1.18a) 
 
In a flame dried, 15 mL round bottom flask, 200 mg (0.675 mmol) 9-bromo-10-
(cyanomethyl)phenanthrene was mixed with 2 mL of t-butanol before the addition of 103 
mg (0.918 mmol) potassium t-butoxide. The mixture was stirred at 80 °C for 2 h. After 
allowing the mixture to cool to room temperature, the reaction was quenched with water 
and filtered. The solid product was thoroughly washed with water and dried. The product 
collected weighed 169 mg (0.285 mmol, 84%). mp 253-256 °C (dec.) 
1
H NMR (500 MHz, CDCl3): δ 8.75-8.70 (m, 2H), 8.52-8.49 (m, 1H), 8.18 (d, J = 8.1 
Hz, 1H), 7.76-7.67 (m, 4H), 5.50 (s (br), 1H), 5.30 (s (br), 1H), 4.50 (s, 2H). 
1
H NMR (500 MHz, DMSO-d6): δ 8.91 (d, J = 9.2 Hz, 2H), 8.42-8.38 (m, 1H), 8.11 (d, J 
= 8.1 Hz, 1H), 7.81-7.69 (m, 4H), 7.61 (s (br), 1H), 7.10 (s (br), 1H), 4.35 (s, 2H). 
13
C NMR (125 MHz, DMSO-d6): δ 170.5, 132.0, 131.4, 130.3, 129.8, 129.1, 128.05, 
127.96, 127.6, 127.5, 127.1, 125.49, 125.46, 123.3, 123.1, 40.4. 
IR (KBr, cm
-1
): 3375, 3195 (N-H), 1659, 1632 (C=O). 
HRMS (DART-TOF) calcd for C16H13BrNO (M+H)
+
 314.0180, found 314.0178.  
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1.8.18   2-(10-Chlorophenanthren-9-yl)acetamide (1.18b) 
 
In a flame dried 15 mL round bottom flask, 100 mg (0.397 mmol) 9-chloro-10-
(cyanomethyl)phenanthrene was mixed with 1 mL t-butanol followed by the addition of 
71.0 mg (0.633 mmol) potassium t-butoxide. The reaction mixture was stirred at 80 °C 
for 2 h then allowed to cool to room temperature. Dilution with water and filtration 
resulted in a solid, which was washed with water and dried. The collected product 
weighed 93.4 mg (0.186 mmol, 93%). mp 258-260 °C (dec.) 
1
H NMR (500 MHz, CDCl3): δ 8.76-8.70 (m, 2H), 8.50-8.46 (m, 1H), 8.15 (d, J = 7.1 
Hz, 1H), 7.77-7.68 (m, 4H), 5.49 (s (br), 1H), 5.31 (s (br), 1H), 4.41 (s, 2H). 
1
H NMR (500 MHz, DMSO-d6): δ 8.94-8.89 (m, 2H), 8.39-8.35 (m, 1H), 8.10 (d, J = 
7.2, 1H), 7.81-7.77 (m, 2H), 7.76-7.70 (m, 2H), 7.64 (s (br), 1H), 7.10 (s (br), 1H), 4.27 
(s, 2H). 
13
C NMR (125 MHz, DMSO-d6): 170.6, 131.2, 130.6, 130.2, 129.4, 128.7, 128.6, 127.8, 
127.53, 127.49, 127.0, 125.2, 124.9, 123.3, 123.1, 36.9. 
IR (KBr, cm
-1
): 3405, 3305 (N-H), 1652, 1608 (C=O). 
HRMS (DART-TOF) calcd for C16H13ClNO (M+H)
+
 270.0686, found 270.0690. 
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1.8.19   1,3-Di(phenanthren-9-yl)propan-2-ol (1.19) 
 
In a flame dried 25 mL round bottom flask 1.00 g (5.20 mmol) 9-methylphenanthrene 
was dissolved in 5 mL dry THF. After the reaction mixture was cooled to 0 °C, 2.15 mL 
(5.20 mmol) of a 2.42 M solution of n-butyllithium in hexane was added slowly. The 
resulting red solution was stirred at 0 °C for 2 h. A 0.160 mL (2.58 mmol) portion of 
methyl formate (purified by washing with saturated aq sodium carbonate, drying over 
solid sodium carbonate, and distillation from P2O5) was added to the reaction mixture, 
which was stirred at 0 °C for 30 min before being allowed to warm slowly to room 
temperature over 1 h. The reaction was quenched with 20 mL of water and diluted with 
diethyl ether. The organic layer was washed twice with water, dried over magnesium 
sulfate, and the solvent was evaporated. The resulting mixture of starting material and 
product was mixed with dichloromethane. The solid product was collected by vacuum 
filtration. The filtrate was evaporated to dryness, then dissolved in dichloromethane. 
Hexanes was added to this solution until a 2:1 ratio of hexanes:dichloromethane was 
achieved. The product precipitated from this solution was collected by vacuum filtration. 
The combined product weighed 174 mg (0.421 mmol, 16%) and was pure by proton 
NMR.  
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1
H NMR (400 MHz, CDCl3): δ 8.74 (d, J = 8.3 Hz, 2H), 8.67 (d, J = 7.7 Hz, 2H), 7.87 
(d, J = 7.6 Hz, 4H), 7.74 (s, 2H), 7.68-7.56 (m, 6H), 7.47 (ddd, J = 8.2 Hz, 7.0 Hz, 1.3 
Hz, 2H), 4.63-4.55 (m, 1H) 3.51 (dd, J = 4.7 Hz, 13.9 Hz, 2H), 3.38 (dd, J = 7.8 Hz, 14.0 
Hz, 2H), 1.85 (d, J = 2.6 Hz, 1H).  
lit.
14
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1.8.20   1,3-Bis(10-bromophenanthren-9-yl)propan-2-ol (1.20) 
 
Neutral alumina (415 mg) was added to an aq solution of 273 mg of CuBr2 (1.22 mmol). 
The water was removed to obtain a solid which was dried until a black powder remained. 
This material was added to a 25 mL round bottom flask containing 49.8 mg (0.121 mmol) 
of 1,3-di(phenanthren-9-yl)propan-2-ol and 5 mL of chlorobenzene. The mixture was 
stirred at 80 °C for 4 h. The solid reagent was removed by filtration and washed with 
toluene. The organic filtrates were combined and the solvent removed. The crude 
material obtained was a mixture of brominated compounds that were not able to be fully 
separated or characterized. 
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1.8.21   1,3-Bis(10-chlorophenanthren-9-yl)propan-2-ol (1.21)   
1.8.21.1  Brominated precursor 
 
In a flame dried 5 mL round bottom flask, 101 mg (0.330 mmol) 9-(bromomethyl)-10-
chlorophenanthrene was dissolved in 0.5 mL dry tetrahydrofuran. After the reaction 
mixture was cooled to -78 °C, 0.19 mL (0.34 mmol) n-butyllithium (1.77 M) was added 
slowly. The reaction mixture was stirred cold for 2 h before the addition of 0.010 mL 
(0.164 mmol) methyl formate (purified by washing with saturated aq sodium carbonate, 
drying over solid sodium carbonate, and distillation from P2O5). Upon complete addition 
the reaction mixture was allowed to warm to room temperature before being quenched 
with 2 mL water and dilution with diethyl ether. The organic layer was washed with 
water and dried over magnesium sulfate. The solvent was removed to result in 25.7 mg of 
crude material. The only product isolated was identified as debrominated starting 
material. 
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1.8.21.2  Methyl precursor 
 
In a flame dried 250 mL round bottom flask, 5.00 g (22.1 mmol) 9-chloro-10-methyl-
phenanthrene was dissolved in 60 mL dry tetrahydrofuran cooled to 0 °C. A 2.7 M 
solution of n-butyllithium (14 mL, 37 mmol) was slowly added to the flask. The reaction 
mixture was stirred at 0 °C for 2 h. After adding 0.68 mL (11 mmol) methyl formate 
(purified by washing with saturated sodium carbonate solution, drying over solid sodium 
carbonate, and distilling from P2O5), the reaction mixture was stirred at 0 °C for 30 min 
before being allowed to warm to room temperature. The reaction was quenched with 
water and extracted with diethyl ether. The organic solution was washed twice with water 
and dried over magnesium sulfate. The solvent was removed under vacuum. To purify 
the product, a 50:50 hexane:dichloromethane solution was added to the crude solid. The 
product was collected by vacuum filtration and dried. More product was obtained from 
purification of the filtrate using silica column chromatography eluted with 50:50 hexanes: 
dichloromethane. The total purified product collected from this reaction weighed 984 mg 
(2.04 mmol, 19%). mp 252-254 °C 
1
H NMR (400 MHz, CDCl3): δ 8.73-8.68 (m, 4H), 8.48-8.45 (m, 2H), 8.03 (d, J = 8.2 
Hz, 2H), 7.71-7.67 (m, 4H), 7.63 (ddd, J = 8.3 Hz, 7.1 Hz, 1.2 Hz, 2H), 7.52-7.46 (m, 
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2H), 4.81-4.73 (m, 1H), 3.92 (dd, J = 14.2 Hz, 8.2 Hz, 2H), 3.79 (dd, J = 14.2 Hz, 4.8 Hz, 
2H), 1.79 (d, J = 4.3 Hz, 1H). 
1
H NMR (500 MHz, DMSO-d6): δ 8.91-8.87 (m, 4H), 8.34-8.30 (m, 2H), 8.22 (d, J = 7.4 
Hz, 2H), 7.77-7.72 (m, 4H), 7.70 (t, J = 7.2 Hz, 2H), 7.59 (t, J = 7.5 Hz, 2H), 5.04 (d, J = 
5.8 Hz, 1H), 4.52-4.45 (m, 1H), 3.75 (dd, J = 13.8 Hz, 8.0 Hz, 2H), 3.59 (dd, J = 13.8 Hz, 
4.8 Hz, 2H). 
13
C NMR (125 MHz, CDCl3): δ 131.54, 131.52, 131.2, 130.7, 129.6, 129.5, 127.4, 127.3, 
127.1, 126.7, 125.9, 125.3, 123.1, 122.6, 72.9, 37.9 
13
C NMR (125 MHz, DMSO-d6): δ 132.4, 131.2, 130.0, 129.8, 128.8, 128.6, 127.7, 
127.2, 127.1, 126.8, 125.8, 124.8, 123.2, 123.1, 71.2, 37.8. 
IR (KBr, cm
-1
): 3583 (O-H). 
HRMS (DART-TOF) calcd for C31H22Cl2O (M)
+
 480.1048, found 480.1033; calcd for 
C31H21Cl2 (M-OH)
+
 463.1015, found 463.1021.  
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1.8.22 1,3-Bis(10-chlorophenanthren-9-yl)propan-2-one (1.3b) 
 
In a 300 mL round bottom flask, 1.11 g (2.31 mmol) 1,3-bis(10-chlorophenanthren-9-
yl)propan-2-ol and 2.49 g (11.5 mmol) PCC were mixed with 150 mL dichloromethane 
and 45 mL tetrahydrofuran. The reaction mixture was stirred at room temperature for 18 
h, washed through a silica plug with dichloromethane, and the solvent was removed 
under reduced pressure. Dichloromethane was added to dissolve the product, and the 
resulting mixture was filtered through a second silica plug. The filtrate was evaporated to 
recover the clean product in 82% yield (0.910 g, 1.90 mmol). mp 256-258 °C (darkens 
above 250 °C) 
1
H NMR (500 MHz, CDCl3): δ 8.69 (d, J = 7.5 Hz, 4H), 8.45-8.42 (m, 2H), 7.76 (d, J = 
8.0 Hz, 2H), 7.73-7.67 (m, 4H), 7.64 (ddd, J = 8.2 Hz, 7.1 Hz, 1.1 Hz, 2H), 7.51 (ddd, J = 
8.2 Hz, 7.1 Hz, 1.1 Hz, 2H), 4.62 (s, 4H). 
13
C NMR (125 MHz, CDCl3): δ 204.0, 132.2, 131.3, 131.0, 129.5, 129.3, 127.57, 127.56, 
127.50, 127.49, 126.9, 125.9, 124.7, 123.2, 122.7, 45.0. 
IR (KBr, cm
-1
): 1712 (C=O). 
HRMS (DART-TOF) calcd for C31H21Cl2O (M+H)
+
 479.0970, found 479.0972.  
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1.8.23 7,9-Bis(10-chlorophenanthren-9-yl)-8H-cyclopenta[a]acenaphthylen-8-one 
(1.22) 
 
In a flame dried 15 mL pressure vessel, 21.8 mg (0.0455 mmol) 1,3-bis(10-chloro-
phenanthren-9-yl)propan-2-one was mixed with 1.0 mL 1,4-dioxane and 91 µL (0.091 
mmol) of a 1.0 M LDA solution in tetrahydrofuran. After the reaction mixture was heated 
at 90 °C for 30 min, 21.7 mg (0.119 mmol) acenaphthylene-1,2-dione  was added, and 
the vessel was capped and placed in a 180 °C oil bath to stir for 17 h. The reaction was 
allowed to cool to room temperature before being diluted with dichloromethane and 
being washed once with 10% aq HCl and three times with water. The organic solution 
was dried over magnesium sulfate, and the solvent was removed under reduced pressure. 
Separation by thin layer chromatography on silica, eluted with 60:40 hexanes: 
dicholormethane resulted in 4.0 mg (0.0064 mmol, 14%) of the desired product as a dark 
redish-purple mixture of two conformational isomers and 7.9 mg (0.016 mmol, 28%) of 
recovered starting material. 
1
H NMR (500 MHz, CDCl3, 1.3:1 mixture of conformers): δ 8.83-8.79 (m), 8.58-8.55 
(m), 8.16 (dd, J = 8.2 Hz, 1.2 Hz), 8.11 (dd, J = 8.2 Hz, 1.3 Hz), 7.85-7.82 (m), 7.82-7.75 
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(m), 7.72 (ddd, J = 8.3 Hz, 7.0 Hz, 1.3 Hz), 7.63-7.58 (m), 7.47-7.40 (m), 7.14 (d, J = 7.2 
Hz), 7.05 (d, J = 7.2 Hz). 
HRMS (DART-TOF) calcd for C43H23Cl2O (M+H)
+
 625.1126, found 625.1134. 
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Chapter 2 
 
Exploring the Benzannulation of Corannulene: 
A New Synthetic Route to Benzocorannulen and 
Dibenzocorannulene
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2.1 Introduction 
The difficulty encountered in the synthesis of diphenanthrylcorannulene
i
 
prompted the consideration of other possible routes to the synthesis of an end-cap 
template. Upon retrosynthetic analysis of the [5,5] carbon nanotube end-cap, which was 
envisioned as the template for nanotube growth, two clear, 5-fold symmetric 
retrosynthetic schemes present themselves (Scheme 1). The first is the disconnection of 
the five bay region bonds to obtain pentaindenocorannulene (2.2), which can be made 
from penta(2-chlorophenyl)corannulene (2.3). This method has been the focus of research 
in the Scott lab for a number of years,
1,2
 ultimately resulting in the synthesis of small 
amounts of 2.1.
1,3
 The second retrosynthetic pathway targets a bowl of the same 
geometry, but one layer of benzene rings shorter than the originally designed 50-carbon 
target. The extension of this 40-carbon bowl (compound 2.7 in Scheme 1) into 2.1 can be 
envisioned through the same process that is proposed for the elongation of end-cap 
templates into armchair carbon nanotubes; specifically, the Diels-Alder addition of an 
acetylene equivalent to the bay regions around the edge of the bowl. The viability of this 
proposed growth process has been studied by Eric Fort,
4,5
 a former member of the Scott 
group. Acetylene itself is known to be a rather poor dienophile, and as such, is unlikely to 
add to the bay regions of aromatic systems. However, much more reactive dienophiles 
have been shown to react with aromatic systems in a Diels-Alder fashion.
4
 The ideal 
scenario for the growth of carbon nanotubes involves the addition of a highly reactive 
dienophile that can fragment under the reaction conditions to result in the net addition of 
                                                     
i
 See Chapter 1 for more detail. 
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C2H2. Using 7,14-dimesitylbisanthene as a soluble model for the edge of a nanotube or 
other aromatic system, two such ‘masked acetylenes’ were explored (Scheme 2).5 The 
first was phenyl vinyl sulfoxide, which was designed and demonstrated by Paquette in 
1978.
6
 This compound did add to the bisanthene and eliminate to form (2.9); however, 
the reagent has a tendency to break down under the reaction conditions, and reaction with 
Scheme 1: Retrosynthetic Analysis of [5,5] Carbon Nanotube End-Caps 
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less active aromatic systems such as perylene was still quite slow. The second 
dieneophile studied in detail was nitroethylene, which was found to be the most reactive 
by far. After cycloaddition to 2.8, loss of H2 followed by rearomatization through the 
elimination of nitrous acid completes the formation of the new aromatic ring (Scheme 2). 
 
Of particular interest when contemplating Scheme 1 is the ability of nitroethylene 
to act as a dienophile for the addition of two carbon atoms to the bay region dienes, and 
the potential of this molecule to behave similarly in its reactions with styrene moieties. 
Scheme 2: Diels-Alder Addition to Bisanthene 
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This reactivity, were it to be proven accurate, would open a new synthetic route to 
pentabenzo[a,d,g,j,m]corannulene (2.6), which, to date, has not been successfully 
synthesized, though attempts have been made.
7
 The use of nitroethylene presents the 
possibility of obtaining 2.6 directly from 1,3,5,7,9-pentavinylcorannulene (2.5), which 
should be accessible by vinylation of 1,3,5,7,9-pentachlorocorannulene (2.4). Compound 
2.4 is the common synthetic intermediate in the retrosynthetic schemes for both 2.2 and 
2.6, and is made by chlorination of corannulene (2.17), a bowl-shaped molecule produced 
routinely in the Scott lab. The synthesis and substitution of 2.17 have been well studied in 
the literature
8,9
 and will be only briefly outlined below. Recent improvements to 
individual reactions that have increased the total yield, and simplified procedures will be 
highlighted in greater detail.   
2.2 Improvements in the synthesis of corannulene 
A few key improvements have been made to the standard preparation of 
corannulene (2.17), which have allowed the synthesis to be regularly repeated by 
beginning undergraduate students on a multi-gram scale. The synthetic route currently in 
use in the Scott lab for the production of 2.17 is illustrated in Scheme 3. The first two 
steps in the sequence follow well established literature procedures
10
 to yield 91% of 2,7-
dimethylnaphthalene (2.12) over 2 steps from 2.10. 
2.2.1 Synthesis and separation of dimethylacenaphthenequinones 
The next step, a double Friedel-Crafts acylation, was carried out with oxalyl 
chloride and aluminum bromide in dichloromethane at -15 °C. The reaction itself 
proceeds readily, as expected; however, the separation of the two dimethylacenaphthene-
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quinone isomers formed in the reaction (compounds 2.13a and b in Scheme 4) was 
difficult, and the separation techniques typically used have proven only partially 
successful. The method previously developed in our lab
2
 features the reaction of the 
isomer mixture with aniline to form an imine with one of the carbonyls of the quinone. 
The diimine could also be formed. Steric crowding from the methyl groups of the desired 
isomer 2.13a hinders the reaction creating a preference for reaction with 2.13b. The two 
molecules can then be separated by silica chromatography. In theory, this technique 
should be effective; however, the results of the separation are inconsistent at best. The 
Scheme 3: Synthesis of Corannulene 
a) pyridine, N,N-diethylcarbamoylchloride, 100 °C, 93% b) Ni(dppp)Cl2, Et2O, MeMgBr, 
35 °C, 98% c) oxalyl chloride, AlCl3, DCM, 34% d) 1. 3-pentanone, KOH, MeOH 2. 
norbornadiene, Ac2O, 56% e) NBS, benzoyl peroxide, CHCl3, hν, 83% f) NaOH, 
dioxane/water, 100 °C, 78% g) Pd(OAc)2, IMes·HCl, t-BuO
-
K
+
, i-PrOH, 82% 
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incomplete selectivity of the aniline, as well as the tendency of the imine to hydrolyze 
back to the parent quinone and aniline, often results in an incomplete separation of 2.13a 
and b.  
To improve the quality of the isolated product, an alternate method of separation 
was sought, one which would allow very pure material to be obtained consistently and 
easily. A possible solution was found in a paper by Pardasani,
11
 in which the authors 
report the reaction of acenaphthylene-1,2-dione (2.18) with barbituric acid to produce a 
relatively rigid 1 to 1 adduct (2.19) through an aldol condensation (Scheme 5a). This 
reaction offers a promising alternative to the imine separation. The increased steric bulk 
of the barbituric acid compared to that of the aniline, along with increased rigidity of the 
new carbon-carbon double bond, greatly increases the influence of crowding from the 
nearby methyl groups, which is the basis for the preference of barbituric acid to react 
with 2.13b over 2.13a. Another advantage of this reaction is the greater stability of 
adduct 2.20 toward hydrolysis under the reaction and separation conditions, thus 
maintaining the dramatic solubility and chromatographic differences introduced through 
derivatization. The new technique was implemented by reacting the crude mixture of 
2.13a and b with barbituric acid in refluxing anhydrous ethanol for one to two hours. The 
barbituric acid exhibited a strong preference for condensation with 2.13b, the less 
Scheme 4: Two Quinone Isomers Formed 
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hindered quinone isomer. The newly formed quinone derivative (2.20) is far less soluble 
in dichloromethane than the unaltered quinones (2.13a and b). This allowed for the 
removal of most of 2.20 simply by filtering the solid from a concentrated mixture of the 
crude material in dichloromethane. Finally, purification of the filtrate by silica 
chromatography eluted with dichloromethane removed any remaining adduct along with 
a number of other impurities and side products generated in the double Friedel-Crafts 
acylation to form 2.13a and b from 2.12.  
To determine how much of the desired product may have reacted with the 
barbituric acid and been lost in the workup, a pure sample of 2.13a was reacted with one 
equivalent of barbituric acid for 2 h. After removal of the remaining barbituric acid and 
any adduct formed by filtration and flushing through a silica plug with dichloromethane, 
more than 90% of the starting material was recovered unchanged upon workup.  
Scheme 5: Reaction with Barbituric Acid 
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This method of separation proved to be easy and effective, consistently resulting 
in very clean isolated product on large scale. The yields obtained for the formation of 
2.13a from 2,7-dimethylnaphthalene (2.12) and its isolation using barbituric acid 
typically range from 30 to 40%. Further improvement in the Friedel-Crafts acylation 
conditions may improve the overall yields for this two reaction sequence. 
2.2.2 Completion of the corannulene synthesis 
With pure 3,8-dimethylacenaphthylene-1,2-dione (2.13a) in hand, the double 
aldol condensation with 3-pentanone followed by Diels-Alder reaction with 
norbornadiene in the presence of acetic anhydride proceeded as expected, resulting in a 
56% yield for the 2 step process. Tetramethylfluoranthene (2.14) is then subjected to 
radical bromination conditions with N-bromosuccinimide to dibrominate each of the four 
benzylic methyl groups, resulting in compound 2.15 in 83% yield. The curved 
corannulene framework is formed when 2.15, which is twisted out of planarity by 
significant steric crowding, is reacted with sodium hydroxide in a mixture of 1,4-dioxane 
and water. The energy costs associated with inducing curvature in the molecule are more 
than compensated by the loss of two equivalents of HBr from each side of the molecule, 
which relieves a large amount of steric strain and leads to the formation of 1,2,5,6-
tetrabromocorannulene (2.16). This insoluble material is purified by washing the solid 
with water, acetone, and dichloromethane to give a 78% yield of pure product. 
The final step to obtain corannulene (2.17) is the reductive debromination of 2.16. 
This was achieved in 82% yield by reacting the brominated material with Pd(OAc)2, 
IMes·HCl, and potassium t-butoxide in i-propanol.
12
 This completes the total synthesis of 
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2.17 in a total yield of 9% over 8 steps from 2.10. When scaled up this method is able to 
produce multi-gram quantities of corannulene to supply an ample quantity of starting 
material for the exploration of synthetic routes to larger bowls. 
2.3 First attempt to synthesize pentabenzo[a,d,g,j,m]corannulene 
The next step in the synthesis of pentabenzo[a,d,g,j,m]corammulene (2.6)  is the 
five-fold chlorination of 2.17 with iodine monochloride in dichloromethane at room 
temperature (Scheme 6). 1,3,5,7,9-Pentachlorocorannulene (2.4) is obtained as a mixture 
with both under-chlorinated and over-chlorinated material, but the product ratio can be 
greatly improved through successive recyrstallizations from diphenyl ether. By using this 
method, relatively pure 2.4 can be obtained. However, the next two steps in the synthesis 
of the C40H10 bowl could prove difficult since the vinylation will have to form five new 
Scheme 6: Five-Fold Chlorination and Benzannulation 
a) ICl, DCM, 37% b) Pd(OAc)2, vinylMIDA
17
 boronate, SPhos, 
K3PO4, 1,4-dioxane/water c) Diels-Alder and rearomatization. 
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carbon-carbon bonds, and the Diels-Alder will also have to proceed five consecutive 
times for each molecule.   
2.4 Benzo[a]corannulene 
Considering the uncertainty about whether or not nitroethylene would convert 
styrenes into benzannulated polyarenes, it was decided that a simple test system should 
be used to explore the reaction sequence proposed. This would allow for potential 
difficulties to be identified and overcome in a reaction system that could be more easily 
analyzed before attempting the pentavinyl- system (2.5). To that end, a single 
benzannulation of corannulene was explored. The target molecule for this first system 
was benzo[a]corannulene (2.27).  
2.4.1 McComas synthesis
13
 
 The first ever synthesis of benzo[a]corannulene (2.27) was performed in the Scott 
lab by undergraduate researcher Casey McComas. His synthetic route (Scheme 7) 
features the double aldol condensation of unsymmetrical ketone 2.22 with 
acenaphthylene-1,2-dione, the product of which undergoes a Diels-Alder reaction with 
2,5-norbornadiene. Loss of carbon monoxide and cyclopentadiene result in compound 
2.23. The oxidation of the benzylic methylene to the ketone (2.25) was accomplished in 
two steps. The first was a standard benzylic bromination. However, the product of this 
reaction was unstable and was found to hydrolyze to alcohol 2.24 on silica during the 
workup. Compound 2.24 was then oxidized and converted to vinylchloride 2.26, the 
pyrolysis precursor. The final step was carried out using flash vacuum pyrolysis (FVP) at 
1100 °C. The complete synthesis was accomplished in 7 steps and 9% total yield.   
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2.4.2 Mehta synthesis
14
 
 A few years later, in 2000, Mehta and coworkers reported a general approach to 
mono-, di-, and tri-benzocorannulenes. This method, which is shown in Scheme 8, still 
uses FVP to accomplish the final cyclizations to form the desired product. From the 
common intermediate 2.30 three different pyrolysis precursors were synthesized (2.31, 
2.32, and 2.33). In all three cases it was expected that the five-member center ring would 
close first through a cyclodehydrogenation mechanism. The insertion of a vinylidene 
carbene or equivalent species would close the six member ring to complete the 
Scheme 7: McComas Synthesis of Benzo[a]corannulene 
a) SOCl2 98% b) n-PrMgCl, Fe(acac)3, THF, 70% c) acenaphthylene-1,2-dione, KOH, 
HOCH2CH2OH, 2,5-norbornadiene, 40-50% d) NBS, CCl4, benzoyl peroxide, hν, then 
silica gel, 80% e) DMSO, oxalyl chloride, N(Et)3, DCM, 95% f) PCl5, DCM, 76% g) FVP, 
1100 °C, N2, 46% 
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corannulene core and form 2.27. The method was shown to be successful in all three 
examples, though the yields were very low in every case.    
Scheme 8: Mehta Synthesis of Benzo[a]corannulene 
a) NBS, AIBN, CCl4, 73% b) (Bu4N)2Cr2O7, CHCl3, 76% c) CBr4, PPh3, Zn, DCM, 85% 
d) ClCH2PPh3Cl, t-BuOK, 0.5 h, 68% e) ClCH2PPh3Cl, t-BuOK, 2 h, 60% f) FVP, 1150 
°C, 5-7% g) FVP, 1150 °C, 2-3% h) FVP, 1150 °C, 1-2% 
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2.4.3 Peng synthesis
15
 
 Two alternate synthetic routes to benzo[a]corannulenes were reported in 2005. 
Each highlights a specific methodology. The first, developed in the Scott lab by Lingqing 
Peng, is illustrated in Scheme 9. The pyrolysis precursor of interest (2.36) was 
Scheme 9: Peng Synthesis of Benzo[a]corannulene 
a) 3 steps, 59% b) 2,6-dichlorophenylzinc chloride, Pd2(dba)3, SPhos, THF, 83% 
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synthesized in 4 steps from 2-bromomethylnaphthalene (2.34). This molecule was 
designed to take advantage of the 1,4-shift of hydrogen observed in similar aromatic 
systems.
15
 When subjected to FVP conditions an aryl radical is generated through 
homolytic cleavage of one of the aryl-chlorine bonds. One of the cove region hydrogens 
then undergoes a 1,4-hydrogen shift to position the aryl radical for closure of the central 5 
member ring (Scheme 9b). Formation of a second aryl radical and subsequent closure 
completes the corannulene core. Benzo[a]corannulene was obtained from the FVP step in 
16% isolated yield.   
2.4.4 Sygula synthesis
16
 
 Also in 2005, Sygula reported the formation and subsequent trapping of 
corannulyne (2.38). This sequence is shown in Scheme 10 with furan as the trapping 
agent for confirmation of the formation of 2.38. Treatment of bromocorannulene (2.37a) 
with excess sodium amide in the presence of a catalytic amount of potassium t-butoxide 
Scheme 10: Formation and Trapping of Corannulyne 
a) NaNH2, t-BuOK, THF b) furan, 80% c) Fe2(CO)9, benzene, 100% 
Benzannulation of Corannulene  Chapter 2 
88 
 
was successful in generating the desired aryne. When 2.38 is trapped with furan the 
resulting Diels-Alder adduct 2.39 is obtained. This material can be converted to 
benzo[a]corannulene (2.27) by the quantitative cleavage of the oxygen bridge and 
dehydration. This solution phase synthesis of 2.27 remains the best yielding synthetic 
method; however, the technique has not been applied to the synthesis of larger members 
of the benzocorannulene family.  
2.4.5 A new approach to benzocorannulenes 
The first step toward the addition of a benzene ring to one of the K regions of 2.17 
was to monobrominate the material to provide a synthetic handle by which a vinyl 
substituent could be introduced to the corannulene core (Scheme 11). The final 
benzannulation could then be carried out using nitroethylene, an acetylene equivalent, to 
react in a Diels-Alder fashion with the newly formed styrene moiety (Scheme 11). 
Rearomatization under reaction conditions through the loss of H2 results in the extension 
of the aromatic system. The plan for this synthesis was to use the conditions and reagents 
developed by Eric Fort
5
 for the extension of aromatic systems, such as bisanthene, by 
Diels-Alder addition to bay regions. This chemistry should directly translate to the 
reaction with vinylcorannulene as the diene. If the synthesis were to be successful, the 
same Diels-Alder chemistry used here to make the C40H10 bowl could theoretically be 
used to grow that end-cap template into a single-wall carbon nanotube. 
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Corannulene (2.17) was monobrominated by reaction with 1.9 equivalents of 
iodine monobromide for 16 hours in dichloromethane at room temperature. This simple 
reaction is monitored by thin layer chromatography (TLC) until dibrominated material 
just begins to appear in the product mixture. It was found to be preferable to quench the 
reaction at this point, because it is easier to separate the desired monobromocorannulene 
product (2.37a) from the starting material (2.17) than it is to separate 2.37a from 
overbrominated material. The resulting mixture of product and starting material was 
separated by silica column chromatography using cyclohexane as the eluant. However, 
the separation of 2.37a from 2.17 is not complete, as the yield of the isolated product was 
only 51%. More product was collected from the column, but as a mixture with starting 
material.  
Scheme 11: New Synthesis of Benzo[a]corannulene 
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The vinylation of bromocorannulene (2.37a) was carried out by Kumada coupling 
in diethyl ether at 0 °C with vinylmagnesium bromide and Ni(dppp)Cl2 catalyst. It is also 
possible to vinylate chlorocorannulene (2.37b, Scheme 11), which is sometimes produced 
in small amounts as a byproduct in the synthesis of corannulene. In this case the Kumada 
coupling was unsuccessful, so a Suzuki coupling was explored instead. The best results 
for this transformation were obtained when using the vinylboronic acid N-methyl-
iminodiacetic acid (MIDA) ester developed by Burke.
17
 This reaction is carried out at 100 
°C in a mixture of 1,4-dioxane and water with a palladium catalyst and potassium 
phosphate as the base. The mass of the material recovered from these reactions was 
typically high (in the range of 70 to 80%); however, these samples are crude mixtures.  
The vinylated product 2.38 was carried on to the Diels-Alder reaction after it was 
flushed through a silica plug. Purification was limited in an attempt to minimize possible 
losses due to degradation of the sensitive product. The reaction of 2.38 with 
nitroethylene, which is generated in situ through the dehydration of 2-nitroethanol by 
phthalic anhydride, is then carried out in o-dichlorobenzene at 180 °C in a pressure 
vessel. After workup and purification on a silica column, benzo[a]corannulene (2.27) was 
isolated in 38% yield for the two steps from 2.37a. 
At least two side reactions contribute to the low yield for this two-step process. 
The first is degradation of the vinyl group of 2.38 into an aldehyde (Compound 2.39, 
Scheme 12a). Evidence for this was seen in both the proton NMR and mass spectra of 
samples of 2.38 that had been exposed to air and light for more than one or two days. It is 
for this reason that the crude material is not thoroughly purified, and is protected from 
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light and air. It was also noticed that samples purified by preparative TLC contained an 
increased amount of 2.39 (Figure 1). Control experiments were performed in an attempt 
to deliberately convert 2.38 into 2.39. Stirring 2.38 with silica gel or aqueous 
hydrochloric acid each resulted in the formation of small amounts of 2.39, but complete 
conversion was never observed. Compound 2.38 was also heated to 100 °C and 180 °C in 
an oxygen atmosphere. Once again only traces of 2.39 were formed. 
The second process by which material is lost is the Diels-Alder dimerization of 
2.38 under the conditions for the reaction with nitroethylene (Scheme 12b). In this 
process, one molecule of 2.38 behaves as the diene, the same as it would when reacting 
with nitroethylene, while the vinyl group of a second molecule of 2.38 acts as the 
dieneophile. The resulting dimer (2.40) was identified among the fractions isolated from 
a silica column run to purify 2.27. This compound was observed by mass spectrometry, 
and the proton NMR signals are consistent with this assignment (Figure 2).  Since nitro- 
Scheme 12: Two Side Reactions 
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ppm (f1)
5.506.006.507.007.508.008.509.009.5010.00
1H NMR (500 MHz, CDCl3)
Corannulene
Formylcorannulene (2.39)
Vinylcorannulene (2.38)
Figure 1: NMR of a Mixture of Vinylcorannulene and Formylcorannulene
2,18
 
1H NMR (500 MHz, CDCl3)
ppm (f1)
7.407.507.607.707.807.908.008.108.208.308.408.508.608.708.808.909.009.10
Figure 2: NMR of Diels-Alder Dimer (2.40) 
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ethylene is known to be a much more reactive dieneophile than styrene, it was thought 
that the formation of compound 2.40 could be reduced by lowering the reaction 
temperature from 180 °C to 140 °C. When this experiment was performed only small 
amounts of dimer were detected by proton NMR; however, no improvement was 
observed in the yield of 2.27. 
2.5 Attempts to prepare higher benzologs 
2.5.1 Previous synthetic methods 
When working to synthesize large curved polycyclic aromatic hydrocarbons, even 
a modest yield of 38% can be quite heartening. The success achieved in the synthesis of 
2.27, the smallest member of the benzocorannulene family, encouraged the pursuit of 
larger benzologs, with the ultimate goal of synthesizing 2.6, the precursor to the C40H10 
end-cap. Only a few examples exist for the synthesis of corannulene with more than one 
benzo substituent. The most impressive of these methods was developed in the Scott 
laboratory. The synthesis of dibenzo[a,g]corannulene (2.41) was published by Bratcher in 
2000
19
 and subsequently improved by Tsefrikas.
20
 This method, shown in Scheme 13, 
forms the corannulene core in the final step. A similar synthetic method (Scheme 14) was 
employed by Brandon McMahon
21
 to synthesize tribenzo[a,d,j]corannulene (2.42). These 
two procedures will be discussed in detail in chapter 3. 
The method developed by Mehta
14
 for the synthesis of 2.27 (Scheme 8) was, in 
the same report, extended to the synthesis of both dibenzo[a,d]corannulene (2.44) and 
tribenzo[a,d,j]corannulene (2.42). This modification is shown in Scheme 15. FVP of 
dibrominated precursors 2.43 and 2.45 resulted in the formation of small amounts of 2.44  
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Scheme 13: Synthesis of Dibenzo[a,g]corannulene 
a) Fe2(CO)9, benzene, 54% b) KOH, MeOH, 90% c) 2,5-norbornadiene, 86% d) 
Pd(PCy3)2Cl2, DBU, DMAc, 71% 
Scheme 14: Synthesis of Tribenzo[a,d,j]corannulene 
a) 6% KOH / HOCH2CH2OH, 2,5-norbornadiene, reflux 6 days, 30% 
b) FVP, 1055 °C, 1-2 mm Hg, 72% 
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Scheme 15: Mehta’s Synthesis of Di- and Tribenzocorannulene 
a) NBS, 99% b)PPh3, C6H6, 79% c) p-MeC6H4CHO, CsCO3, i-PrOH, 80% d) h, I2, C6H6, 
propylene oxide, 65% e) NBS, CCl4, 44% f) (Bu4N)2Cr2O7, CHCl3, 77% g) CBr4, PPh3, Zn, 
CH2Cl2, 85% h) FVP, 1150 °C, 5-7% i) NBS, 99% j) PPh3, C6H6, 79% k) 4-
methylnaphthaldehyde, Cs2CO3, i-PrOH l) h, I2, C6H6, propylene oxide, 50% (2 steps) m) 
NBS, CCl4, 45% n) (Bu4N)2Cr2O7, CHCl3, 70% o) CBr4, PPh3, Zn, CH2Cl2, 55% p) FVP, 
1150 °C, 1-2% 
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and 2.42 respectively. The FVP precursors were synthesized in the same manner as 2.31, 
the precursor to 2.27, and the yields for the pyrolysis step were, once again, very low. 
2.5.2 Current synthetic approach 
Our approach, using a Diels-Alder reaction with nitroethylene, appeared 
promising enough to apply to larger systems. When considering the synthesis of the two 
isomers of dibenzocorannulene (2.41 and  2.42, Scheme 16), the obvious starting point 
was the synthesis of dibromocorannulene (2.46). The dibromination of 2.17 was 
accomplished by stirring corannulene (2.17) with 9 equivalents of iodine monobromide 
for 5 hours.
22
 The result of this reaction is a mixture of several dibromocorannulene 
isomers (2.46). When the same reaction is performed with 9 equivalents of iodine 
monobromide at 40 °C for 20 hours, the result is the tribromination of 2.17, once again as 
a mixture of several isomers (2.48).
22
 The bromine atoms were then transformed into 
vinyl groups through either Kumada coupling, under the same conditions as used 
previously in the transformation of 2.37a to 2.38, or through Suzuki coupling conditions 
Scheme 16: Dibenzocorannulene Isomers 
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with vinyl MIDA boronate
17
 as described for the transformation of 2.37b to produce 
isomeric mixtures of divinylcorannulene (2.47) from 2.46 and similarly trivinyl-
corannulene (2.49) from 2.48. The products of these reactions were purified only by 
flushing through a silica plug with dichloromethane to remove as much of the catalyst 
and ligand as possible before carrying the vinylated product on to the next reaction. The 
limited purification prevents significant loss of product due to degradation. 
Divinylcorannulene (2.47) was submitted to the Diels-Alder reaction with 
nitroethylene at 180 °C for 24 hours; dibenzocorannulene was isolated from the crude 
material as a mixture of the two possible isomers, 2.41 and 2.44. Both isomers were 
identified in the proton NMR. This result was encouraging; however, the isolated yield 
was abysmally low at 0.3%. This may be due, in part, to the formation of dimers or 
oligomers. The yield might be improved by running the Diels-Alder reaction at lower 
temperatures. 
The sequence was still attempted on 2.48 in the hope that some product could be 
detected as a proof of principle. The tribromocorannulene mixture (2.48) can be similarly 
converted to the expected trivinylcorannulene mixture (2.49, scheme 17). When 
increasing to this three-fold vinylation, cleaner reactions and higher yields were observed 
when utilizing a Suzuki reaction with the vinylboronic acid MIDA ester
17
 to perform the 
aryl coupling as opposed to the Kumada coupling employed in the previous two cases. 
Unfortunately, upon subjecting 2.49 to the standard Diels-Alder conditions with 
nitroethylene, neither of the two tribenzocorannulene isomers (2.50 and 2.42) was 
observed by proton NMR or mass spectrometry. Even after preparative thin layer 
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chromatography, no tribenzocorannulene was ever identified; however, some of the 
bands collected did show the presence of dibenzocorannulene, which would suggest that 
the reaction was partially successful, but did not go to completion. Attempts to convert 
1,3,5,7,9-pentachlorocorannulene (2.4) to pentavinylcorannulene 2.5 also failed. The 
Kumada and Suzuki couplings employed for the smaller systems gave lower yields when 
applied to aryl chlorides as opposed to aryl bromides. When the five-fold reaction was 
attempted on 2.4 both failed completely. Steric crowding may have played a role in this 
diminished reactivity, but the primary cause is likely the deactivation of the aromatic 
system by the chloro substituents. The difficulty encountered in this transformation posed 
a further impediment to the synthesis of pentabenzo[a,d,g,j,m]corannulene (2.6) through 
the direct five-fold benzannulation of corannulene (2.17) 
 
Scheme 17: Tribenzocorannulene Isomers 
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2.6 Conclusions 
The modest 38% yield obtained for the single benzannulation of corannulene is 
certainly adequate for the synthesis of 2.27, but, when the transformation is required to 
proceed two or three times within the same reaction to obtain larger benzologs, the low 
yield for the single reaction means dramatically diminished amounts of product for the 
two-fold and three-fold reaction systems. Some of this is likely due to dimerization, 
which could potentially be reduced through optimization of the reaction conditions. 
Ultimately, this methodology was not practical even for dibenzocorannulene, and it failed 
completely for triple benzannulations. These results made it clear that an alternate 
synthetic route was needed to access the higher benzocorannulenes, including 
pentabenzo[a,d,g,j,m]corannulene (2.6) and ultimately the C40H10 end-cap. 
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2.7 Experimentals 
2.7.1 General 
Commerically available chemicals were used as received without further purification 
unless noted. Dry solvents were purified using a Glass Contour solvent purification 
system. Butyllithium reagents were titrated against diphenylacetic acid prior to use. Thin 
layer chromatography was carried out using Sorbent G polyester backed TLC plates with 
UV 254 nm. Preparative TLC was done on Analtech tapered silica GF plates. Silica gel 
chromatography was carried out using Sorbent Technology or Zeochem silica gel with a 
porosity of 60 Å and a particle size of 32-63 µm. NMR spectra were recorded in the 
Boston College Nuclear Magnetic Resonance Center on Varian instruments. NMR shifts 
are reported in ppm downfield from tetramethylsilane, using the solvent as the standard 
reference: chloroform-d1 (δH = 7.26 ppm, δC = 77.0 ppm), dimethylsulfoxide-d6 (δH = 
2.50 ppm, δC = 39.4 ppm). Mass spectrometry was run with a Thermo Finnigan Trace 
DSQ using electron impact ionization with direct insertion capability (DEP) to m/z 1050. 
High resolution mass spectrometry was performed in the Boston College Mass 
Spectrometry Center on a DART-TOF spectrometer operating in positive ionization 
mode. Infrared spectrometry (IR) was run on a Nicolet Avatar 360 FT-IR spectrometer. 
X-ray crystallography was performed at the Boston College X-ray Crystallography 
Center on a Siemens 3-circle geometry platform diffractometer with a Bruker APEX 
CCD area detector equipped with a molybdenum source. Melting points are reported 
uncorrected.  
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2.7.2 2,7-Bis(diethylcarbamoyloxy)naphthalene (2.11) 
 
In a flame dried 500 mL round bottom flask, 20.0 g (125 mmol) 2,7-dihydroxy-
naphthalene was dissolved in 300 mL dry pyridine. After cooling the flask in an ice bath, 
48 mL (380 mmol) N,N-diethylcarbamoylchloride was slowly added. Upon completion 
of the addition, the ice bath was removed and the reaction mixture was heated to 100 °C 
for 2 days. When the reaction was complete the flask was cooled to 0 °C, and 200 mL of 
6 M aq HCl was slowly added to quench the reaction. More water and acid were added to 
precipitate the product. The solid product was collected by vacuum filtration, washed 
with water, and dried. The collected product weighed 41.65 g (116 mmol, 93%). 
1
H NMR (400 MHz, CDCl3): δ 7.80 (d, J = 9.0 Hz, 2H), 7.51 (d, J = 2.2 Hz, 2H), 7.24 
(dd, J = 8.9 Hz, 2.3 Hz, 2H), 3.52-3.38 (m, 8H), 1.32-1.20 (m, 12H). 
lit.
10,23
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2.7.3 2,7-Dimethylnaphthalene (2.12) 
 
In a flame dried, 500 mL round bottom flask, 19.0 g (53.0 mmol) 2,7-bis(diethyl-
carbamoyloxy)naphthalene and 520 mg (1.8 mol%) Ni(dppp)Cl2 were dissolved in 200 
mL diethyl ether. A 3 M solution of methylmagnesium bromide (70.0 mL, 210 mmol) 
was added, and the reaction mixture was stirred at 35 °C for 20 h. After cooling the flask 
to 0 °C in an ice bath, 100 mL of 6 M aq HCl was slowly added to quench the reaction. 
The aqueous layer was extracted with diethyl ether, and the organic solution was washed 
twice with 10% aq HCl, and twice with water. After drying over magnesium sulfate and 
removal of the solvent, the product collected weighed 8.12 g (52.0 mmol, 98%). 
1
H NMR (400 MHz, CDCl3): δ 7.69 (d, J = 8.3 Hz, 2H), 7.52 (s, 2H), 7.25 (d, J = 8.4 Hz, 
2H), 2.50 (s, 6H). 
lit.
10,23 
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2.7.4 3,8-Dimethylacenaphthylene-1,2-dione (2.13a) 
2.7.4.1   Double Friedel-Crafts reaction 
 
In a flame dried 3 L round bottom flask, 100 g (375 mmol) AlBr3 was dissolved in 1.5 L 
dry dichloromethane, and the flask was cooled to -15 °C. A solution of 27.0 g 2,7-
dimethylnaphthalene and 14.8 mL (173 mmol) oxalyl chloride in 200 mL dry 
dichloromethane was added to the solution in the 3 L flask over 30 min. The reaction 
mixture was stirred at -15 °C for 19 h, before it was warmed to 0 °C and carefully poured 
into 1.5 L cold water to quench the reaction. The aqueous layer was extracted with 
dichloromethane, and the organic solution was washed twice with water. Drying over 
magnesium sulfate and removal of the solvent afforded the crude product mixture. By 
proton NMR the ratio of the two quinone isomers was 2 to 1 in favor of the desired 3,8-
dimethylnaphthalene-1,2-dione. Before further purification, the crude mixture was 
reacted with barbituric acid as described below, to allow for the separation of the two 
isomers. 
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2.7.4.2   Separation of isomers of dimethylacenaphthylene-1,2-dione 
 
The crude reaction mixture from the preceding procedure (section 2.6.4.1) was placed in 
a 3 L flask along with 2 L absolute ethanol and 22.1 g (173 mmol) barbituric acid, and 
the mixture was refluxed for 6.5 h. After allowing the mixture to cool to room 
temperature, the solvent was removed under vacuum. Dichloromethane was added to the 
flask to dissolve the desired product. The mixture was filtered and the solid was washed 
thoroughly with dichloromethane. The filtrate was concentrated and purified on a silica 
column eluted with dichloromethane. Upon removal of the solvent, 12.2g (58.1 mmol) of 
the desired quinone was collected for a 34% yield from 2,7-dimethylnaphthalene. 
1
H NMR (500 MHz, CDCl3): δ 8.01 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 2.86 (s, 
6H). 
lit.
23 
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2.7.5 3,8-Dimethylacenaphthylene-1,2-dione – barbituric acid adduct 
 
In a 10 mL round bottom flask, 185 mg (0.880 mmol) 3,8-dimethylacenaphthylene-1,2-
dione and 114 mg (0.890 mmol) barbituric acid were mixed in 3.7 mL absolute ethanol, 
and the mixture was refluxed for 2 h. After allowing it to cool to room temperature, the 
solvent was removed under reduced pressure. Dichloromethane was added to the residue, 
and the solid was removed by vacuum filtration. The filtrate was poured through a plug 
of silica and evaporated under reduced pressure. The mass of starting material recovered 
was 167 mg (0.793 mmol, 90%). 
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2.7.6 4,7-Dimethylacenaphthylene-1,2-dione and barbituric acid 
 
In a 25 mL round bottom flask, 100 mg (0.312 mmol) barbituric acid adduct was stirred 
at reflux in a solution of 1 mL each of water and ethanol for 3 h. After allowing the 
mixture to cool to room temperature, the solvent was removed under vacuum. 
Dichloromethane was added, and the solid was removed by vacuum filtration. The 
organic solution was poured through a plug of silica, and the solvent was removed under 
reduced pressure. The free quinone collected weighed 24.7 mg (0.117 mmol, 38%). 
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2.7.7 1,6,7,10-Tetramethylfluoranthene (2.14) 
 
In a 1 L Erlenmeyer flask, 10.0 g (47.6 mmol) 3,8-dimethylacenaphthylene-1,2-dione and 
6.05 mL (57.2 mmol) 3-pentanone were mixed in 250 mL methanol. After the addition of 
10.8 g (192 mmol) potassium hydroxide, the reaction mixture was stirred at room 
temperature for 18 h. After diluting with water and acidifying with 10% aq HCl, the 
mixture was extracted with dichloromethane. The organic layer was washed three times 
with water, dried over magnesium sulfate, and evaporated to dryness. The residue was 
transferred to a 350 mL pressure vessel along with 110 mL acetic anhydride and 25.2 mL 
(247 mmol) 2,5-norbornadiene. The pressure vessel was capped and heated to 140 °C for 
3 days. After allowing the flask to cool to room temperature, the reaction mixture was 
diluted with dichloromethane and cooled in an ice bath. The excess acetic anhydride was 
then quenched by the slow addition of 10% aq sodium hydroxide. Once basic, the 
aqueous layer was extracted with dichloromethane. The combined organic layers were 
washed twice with water, dried over magnesium sulfate, and evaporated to dryness. The 
crude product was purified by column chromatography on silica eluted with hexanes. The 
orange product collected weighed 6.86 g (26.5 mmol, 56%). lit.
23 
1
H NMR (500 MHz, CDCl3): δ 7.73 (d, J = 8.2 Hz, 2H), 7.41 (d, J = 8.2 Hz, 2H), 7.17 (s, 
2H), 2.90 (s, 6H), 2.81 (s, 6H).  
Benzannulation of Corannulene   Chapter 2 
111 
 
  
p
p
m
 (
f1
)
1
.0
2
.0
3
.0
4
.0
5
.0
6
.0
7
.0
8
.0
9
.0
1
0
.0
p
p
m
 (
f1
)
7
.1
0
7
.2
0
7
.3
0
7
.4
0
7
.5
0
7
.6
0
7
.7
0
7
.8
0
1
H
 N
M
R
 (
5
0
0
 M
H
z,
 C
D
C
l 3
)
Benzannulation of Corannulene   Chapter 2 
112 
 
2.7.8 1,6,7,10-Tetrakis(dibromomethyl)fluoranthene (2.15) 
 
In a 500 mL round bottom flask equipped with a condenser, 5.36 g (20.7 mmol) 1,6,7,10-
tetramethylfluoranthene, 59.1 g (332 mmol) N-bromosuccinimide, and a spatula tip of 
benzoyl peroxide were mixed in 250 mL chloroform. The flask was placed in an oil bath 
(to ensure even distribution of heat) and the mixture was stirred for 20.5 h while being 
irradiated with a 250 W tungsten lamp. After allowing the reaction to cool to room 
temperature, the solution was washed once with sodium thiosulfate and twice with water, 
dried over magnesium sulfate and filtered through a plug of silica. The product collected 
weighed 15.3 g (17.2 mmol, 83%). 
1
H NMR (400 MHz, CDCl3): δ 8.27 (d, J = 8.6 Hz, 2H), 8.20 (s, 2H), 7.98 (d, J = 8.6 Hz, 
2H), 7.21 (s, 2H), 7.08 (s, 2H). 
lit.
8c 
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2.7.9 1,2,5,6-Tetrabromocorannulene (2.16) 
 
In a 1 L round bottom flask, 14.2 g (16.0 mmol) 1,6,7,10-tetrakis(dibromomethyl)-
fluoranthene was mixed with 225 mL 1,4-dioxane and 112 mL water. The mixture was 
heated to reflux before the addition of 6.76 g (169 mmol) sodium hydroxide. The reaction 
mixture was refluxed for 20 min more. After allowing the flask to cool to room 
temperature, the mixture was poured into water and acidified with concentrated 
hydrochloric acid. The solid product was collected by vacuum filtration and washed 
thoroughly with water, acetone, and dichloromethane. For further purification, the 
product was stirred in refluxing dichloromethane for 1 h, then collected by vacuum 
filtration and dried to yield 7.04 g (12.4 mmol, 78%) of clean material. 
1
H NMR (500 MHz, CDCl3): δ 7.99 (s, 2H), 7.96 (d, J = 8.9 Hz, 2H), 7.86 (d, J = 8.9 Hz, 
2H). 
lit.
8e 
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2.7.10 Corannulene (2.17) 
 
In a 1 L round bottom flask, 5.00 g (8.84 mmol) 1,2,5,6-tetrabromocorannulene, 86.0 mg 
(0.383 mmol) Pd(OAc)2, 128 mg (0.376 mmol) 1,3-bis(2,4,6-trimethylphenyl)-
imidazolium chloride, and 14.9 g (133 mmol) potassium t-butoxide were mixed in 450 
mL degassed 2-propanol. The mixture was degassed 15 min more before being placed in 
a 100 °C oil bath to stir for 22 h. After allowing the reaction mixture to cool to room 
temperature, 50 mL of 6 M HCl was added to acidify the mixture, which was then diluted 
with dichloromethane and water. The organic layer was washed three times with water, 
dried over magnesium sulfate and evaporated to dryness. The product was purified by 
column chromatography on silica with hexanes. The collected product weighed 1.81 g 
(7.24 mmol, 82%). 
1
H NMR (500 MHz, CDCl3): δ 7.82 (s, 10H). 
lit.
8d,24 
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2.7.11 1,3,5,7,9-Pentachlorocorannulene (2.4) 
 
In a flame dried 100 mL round bottom flask, 500 mg (2.00 mmol) corannulene was 
stirred in a solution of 4.05 g iodine monochloride in 25 mL dichloromethane (1.0 M) at 
room temperature for 2 days. The mixture was filtered, and the solid washed with 
dichloromethane. The crude solid was recrystallized twice from diphenyl ether. The 
purified product weighed 31.3 mg (0.741 mmol, 37%). Not all of the 
tetrachlorocorannulene could be removed from the product, even after purification. 
1
H NMR (400 MHz, CDCl3): δ 7.94 (s, 5H). 
lit.
1
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2.7.12 Bromocorannulene (2.37a) 
 
In a 250 mL flame dried round bottom flask, 2.00 g (7.99 mmol) corannulene was 
dissolved in 150 mL dry dichloromethane. After the addition of 3.16 g (15.3 mmol) 
iodine monobromide, the reaction mixture was stirred at room temperature for 16 h. 
When monitoring by thin layer chromatography showed no starting material present, the 
iodine monobromide was quenched by washing the organic solution once with 10% aq 
sodium thiosulfate and twice with water. The solution was dried over magnesium sulfate 
and the solvent was removed under vacuum. The product was separated from remaining 
starting material and over-brominated products by silica chromatography with 
cyclohexane. The clean product collected weighed 1.33 g (4.03 mmol, 51%). Further 
product was collected as a mixture with starting material. 
1
H NMR (500 MHz, CDCl3): δ 8.03 (s, 1H), 7.95 (d, J = 8.8 Hz, 1H), 7.89 (d, J = 8.8 Hz, 
1H), 7.83-7.80 (m, 5H), 7.23 (d, J = 8.7 Hz, 1H). 
lit.
22,23 
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2.7.13 Vinylcorannulene (2.38) 
2.7.13.1   From Bromocorannulene 
 
In a flame dried 10 mL round bottom flask, 100 mg (0.304 mmol) bromocorannulene, 
and 2.3 mg (0.0042 mmol) Ni(dppp)Cl2 were mixed in 2.0 mL diethyl ether in an ice 
bath. A 1 M solution of vinylmagnesium bromide in tetrahydrofuran (0.61 mL, 0.61 
mmol) was added to the flask over 10 min. After stirring at 0 °C for 3.5 h, the mixture 
was diluted with diethyl ether and quenched with water. The organic layer was washed 
three times with water, dried over magnesium sulfate, and evaporated to dryness. The 
resulting residue weighed 74.9 mg and was carried on to the Diels-Alder addition of 
nitroethylene without further purification. If further purification was needed, flash 
chromatography on silica was used; however, product was lost in the process. 
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2.7.13.2   From Chlorocorannulene 
 
In a flame dried 10 mL round bottom flask, 25.9 mg (0.0910 mmol) chlorocorannulene, 
20.5 mg (0.112 mmol) vinylboronic acid N-methyliminodiacetic acid (MIDA)
17
 ester, 3.3 
mg (0.015 mmol) Pd(OAc)2, and 15.3 mg (0.0321 mmol) XPhos (2-dicyclohexyl-
phosphino-2′,4′,6′-triisopropylbiphenyl)25 were mixed with 1.15 mL degassed 1,4-
dioxane. This mixture was stirred for 10 min before the addition of 0.23 mL 3.0 M aq 
potassium phosphate. The flask was heated to 100 °C for 4 h, then allowed to cool to 
room temperature before diethyl ether and 10% aq sodium hydroxide were added. The 
organic layer was washed three times with water, dried over magnesium sulfate, and 
evaporated to dryness. The crude residue was dissolved in dichloromethane and filtered 
through a silica plug. After removal of the solvent, 21.1 mg (84%) of partially purified 
product was carried on to the next reaction without further purification. 
1
H NMR (500 MHz, CDCl3): δ 8.09 (d, J = 8.8 Hz, 1H), 7.85-7.78 (m, 8H), 7.37 (dd, J = 
17.5 Hz, 11.0 Hz, 1H), 6.14 (dd, J = 17.5 Hz, 1.1 Hz, 1H), 5.61 (dd, J = 11.0 Hz, 1.1 Hz, 
1H). 
HRMS (DART-TOF) calcd for C22H13 (M+H)
+
 277.1017, found 277.1010. 
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2.7.14 Benzo[a]corannulene (2.27) 
 
In a flame dried 150 mL pressure vessel, 2.01 g (13.6 mmol) phthalic anhydride and 74.9 
mg (0.271 mmol) vinylcorannulene were mixed with 0.96 mL (14 mmol) 2-nitroethanol 
in 15 mL o-dichlorobenzene. The reaction mixture was stirred at 180 °C for 3 days. After 
allowing it to cool to room temperature, the mixture was diluted with dichloromethane 
and washed several times with 10% aq sodium hydroxide to remove the poly-
nitroethylene formed in the reaction. The organic solution was washed twice with water, 
dried over magnesium sulfate and evaporated to dryness. The product was purified by 
chromatography on silica eluted with cyclohexane. The final pale yellow solid weighed 
34.4 mg (0.115 mmol), a 38% yield over two steps (from bromocorannulene). 
1
H NMR (500 MHz, CDCl3): δ 8.68 (AA′ of AA′XX′, 2H), 8.26 (d, J = 8.7 Hz, 2H), 7.96 
(d, J = 8.6 Hz, 2H), 7.85 (d, J = 8.7 Hz, 2H), 7.83 (d, J = 8.7 Hz, 2H), 7.76 (XX′ of 
AA′XX′, 2H). 
lit.
15 
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2.7.15 Dibromocorannulene (2.46, mixture of isomers) 
 
In a flame dried 200 mL round bottom flask, 500 mg (2.00 mmol) corannulene was 
dissolved in 54 mL dichloromethane. After the slow addition of a solution of 3.74 g (18.1 
mmol) iodine monobromide in 18 mL dichloromethane, the reaction mixture was stirred 
at room temperature for 5 h. The reaction was monitored by either thin layer 
chromatography or mass spectrometry. The solution was diluted with dichloromethane 
and washed once with 10% aq sodium thiosulfate followed by washing three times with 
water. The solution was dried over magnesium sulfate, and the solvent was removed 
under vacuum. The crude product was purified on a silica column eluted with 
cyclohexane. The product collected weighed 868 mg, but was shown by mass spectral 
analysis to be a mixture of dibromocorannulene and tribromocorannulene isomers. 
1
H NMR (500 MHz, CDCl3): δ signals between 8.12 and 7.62. 
MS (EI-MS): Both dibromocorannulene (m/z 407.96) and tribromocorannulene (m/z 
485.90) were observed. 
lit.
22,23 
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2.7.16 Tribromocorannulene (2.48, mixture of isomers) 
 
In a flame dried 250 mL round bottom flask, 500 mg (2.00 mmol) corannulene was 
dissolved in 70 mL dichloromethane. After the addition of 3.87 g (18.7 mmol) iodine 
monobromide, the reaction mixture was refluxed for 19.5 h. After allowing the solution 
to cool to room temperature, it was quenched by washing with 10% aq sodium 
thiosulfate. The organic layer was evaporated to dryness, and the resulting solid was 
sonicated in hexanes for 10 min. The solid was collected by vacuum filtration, washed 
with water and dried to give 831 mg. Mass spectral analysis of this product showed it to 
be a mixture of dibromocorannulene and tribromocorannulene isomers. 
1
H NMR (500 MHz, CDCl3): δ signals between 8.13 and 7.64. 
MS (DART-TOF): Both dibromocorannulene (m/z 408.90) and tribromocorannulene 
(m/z 487.81) were observed. 
lit.
2,22
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2.7.17 Divinylcorannulene (2.47, mixture of isomers) 
 
In a flame dried 10 mL round bottom flask, 100 mg (0.245 mmol) dibromocorannulene 
and 3.5 mg (0.0055 mmol) Ni(dppp)Cl2 were mixed in 2.0 mL diethyl ether in an ice 
bath. A 1.0 M solution of vinylmagnesium bromide in tetrahydrofuran (1.00 mL, 1.00 
mmol) was added slowly over 15 min. The reaction mixture was stirred at 0 °C for 6 h. 
The mixture was diluted with diethyl ether and quenched with water. The organic layer 
was washed three times with water, dried over magnesium sulfate, and evaporated to 
dryness. The crude product (75.7 mg) was obtained as a mixture of isomers and was 
taken directly on to the Diels-Alder reaction with nitroethylene without further 
purification. 
HRMS (DART-TOF) calcd for C24H15 (M+H)
+
 303.1174, found 303.1166.  
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2.7.18 Dibenzocorannulene (2.41 and 2.44, mixture of 2 isomers) 
  
In a flame dried 150 mL pressure vessel, 74.1 mg (0.245 mmol) divinylcorannulene and 
1.81 g (12.3 mmol) phthalic anhydride were mixed with 15 mL o-dichlorobenzene. This 
solution was degassed for 20 min before the addition of 0.86 mL (12 mmol) 2-
nitroethanol. The pressure vessel was then capped and placed in a 180 °C oil bath to stir 
for 2 days. After allowing the crude mixture to cool to room temperature, it was diluted 
with dichloromethane and washed several times with 10% aq sodium hydroxide. The 
organic solution was washed four times with water, dried over magnesium sulfate, and 
evaporated to dryness. The crude product was separated by thin layer chromatography on 
silica, developed with hexanes. One of the several bands apparent on the plate was 
identified as a mixture of the two dibenzocorannulene isomers in a 2:1 ratio of dibenzo-
[a,g]corannulene to dibenzo[a,d]corannulene. The mass recovered was 0.3 mg (0.9 
mmol), which corresponds to a 0.3% yield over two steps (from dibromocorannulene). 
lit.
14,19,20 
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2.7.19 Trivinylcorannulene (2.49, mixture of isomers) 
 
In a flame dried 25 mL round bottom flask, 100 mg (0.205 mmol) tribromocorannulene, 
137 mg (0.748 mmol) vinylboronic acid MIDA
17
 ester, 8.2 mg (0.036 mmol) Pd(OAc)2, 
and 30.0 mg (0.0731 mmol) SPhos (2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl)
26
 
were mixed with 6.4 mL degassed 1,4-dioxane. The mixture was degassed for 10 min 
more before the addition of 1.2 mL (3.6 mmol) 3.0 M aq potassium phosphate. The 
reaction mixture was stirred at 100 °C for 4 h. After allowing the mixture to cool to room 
temperature, it was diluted with diethyl ether and quenched with 10% aq sodium 
hydroxide. The organic layer was washed three times with water, filtered, dried over 
magnesium sulfate, and evaporated to dryness. The residue was dissolved in 
dichloromethane and washed through a plug of silica to remove the catalyst and ligand. 
The purified product weighed 34.0 mg (0.104 mmol, 50%). 
HRMS (DART-TOF) calcd for C26H17 (M+H)
+
 329.1330, found 329.1336.  
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2.7.20 Tribenzocorannulene (2.50 and 2.42, mixture of 2 isomers) 
 
In a flame dried 15 mL pressure vessel, 34.0 mg (0.104 mmol) trivinylcorannulene and 
1.53 g (10.4 mmol) phthalic anhydride were mixed in 7 mL dry o-dichlorobenzene. After 
the addition of 0.730 mL (10.4 mmol) 2-nitroethanol, the pressure vessel was sealed and 
heated to 180 °C for 2.5 days. After allowing the reaction mixture to cool to room 
temperature, it was diluted with dichloromethane and washed once with 10% aq sodium 
hydroxide and four times with water. The solution was dried over magnesium sulfate and 
the solvent was removed under vacuum. Only dibenzocorannulene was detected in the 
spectra of the crude product mixture. 
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2.7.21 1,3,5,7,9-Pentavinylcorannulene (2.5) 
 
In a flame dried 10 mL round bottom flask, 20.4 mg (0.0483 mmol) 1,3,5,7,9-
pentachlorocorannulene, 54.1 mg (0.296 mmol) vinylboronic acid MIDA
17
 ester, 10.6 mg 
(0.0258 mmol) SPhos,
26
 and 3.6 mg (0.016 mmol) Pd(OAc)2 were stirred at room 
temperature in 3.6 mL degassed dioxane for 10 min. After the addition of 0.605 mL of a 
3.0 M solution of potassium phosphate in degassed water, the flask was placed in a 100 
°C oil bath to stir for 5 h. After allowing the mixture to cool to room temperature, it was 
diluted with diethyl ether and quenched with 10% aq sodium hydroxide. The organic 
layer was washed three times with water, filtered, dried over magnesium sulfate, and 
evaporated to dryness. Only starting material and ligand were observed in spectra of the 
crude material. 
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Synthesis of Tribenzo[a,d,j]corannulene and Further 
Elaboration into Pentabenzo[a,d,g,j,m]corannulene
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3.1 Introduction to benzocorannulenes 
The ultimate goal of the research described here is the synthesis of bowl-shaped 
templates, from which armchair carbon nanotubes can be grown. Therefore, the initial 
motivation for the synthesis of pentabenzo[a,d,g,j,m]corannulene was to use it as a 
precursor to a 40 carbon end-cap to serve as a template for a [5,5] nanotube. Though this 
remains the primary focus of the work reported here, there is a great deal to be learned 
from the complete series of benzocorannulenes, which consists of seven members (Figure 
1). Benzo[a]corannulene (3.1), tetrabenzo[a,d,g,j]corannulene (3.6), and pentabenzo-
[a,d,g,j,m]corannulene (3.7) each have one isomer, while dibenzocorannulene (3.2 and 
3.3) and tribenzocorannulene (3.4 and 3.5) each exhibit two unique structural isomers. 
Therefore, a second goal of this project is to synthesize the entire family of benzo-
corannulenes. 
Figure 1: The Benzocorannulene Family 
3.1 
3.2 
3.3 
3.4 
3.5 
3.6 
3.7 
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So far only the very smallest of the benzocorannulenes have been successfully 
synthesized. Benzo[a]corannulene (3.1) and the two isomers of dibenzocorannulene (3.2 
and 3.3) have been reported previously,
1,2
 and an alternate synthesis is described in 
chapter 2. However, the methods attempted in this work so far to synthesize the larger 
benzocorannulenes have not been met with success. Also, very few methods for 
synthesizing 3.5, 3.6, and 3.7 have been suggested in the literature,
3,4
 most without 
success. The synthetic route described previously to access pentabenzo[a,d,g,j,m]-
corannulene through 1,3,5,7,9-pentavinylcorannulene has been shown to be impractical 
due to low yields for the Diels-Alder addition of nitroethylene to the monosubstituted 
system.
i
 To reach the end-cap precursor (3.7, Scheme 1), which can be stitched up to end-
cap 3.8 through flash vacuum pyrolysis (FVP), a new synthetic route is required. The 
retrosynthetic analysis depicted in Scheme 1 employs the same benzannulation sequence 
used in chapter 2 for the synthesis of benzo[a]corannulene (3.1). This method could be 
used to form pentabenzo[a,d,g,j,m]corannulene (3.7) if performed on a larger member of 
the family, namely tribenzo[a,d,j]corannulene (3.5). Using this compound, the vinylation 
and subsequent Diels-Alder cycloaddition needed to synthesize 3.7 only needs to operate 
in a two-fold fashion, instead of the five-fold transformation attempted unsuccessfully 
with 1,3,5,7,9-pentachlorocorannulene in chapter 2. Therefore, the first challenge in this 
route is the direct synthesis of 3.5 on a practical scale for use in further steps to 
synthesize 3.2 and, ultimately, the end-cap. 
 
                                                     
i
 See chapter 2 for more detail. 
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3.2 First-generation synthesis of tribenzo[a,d,j]corannulene 
A former undergraduate researcher in the Scott lab, Brandon McMahon, was able 
to synthesize small quantities of tribenzo[a,d,j]corannulene (3.5) for the first time in 
1997.
4
 This synthetic route, shown in Scheme 2, utilizes FVP of the brominated 
fluoranthene precursor 3.11a to introduce the curvature required to form tribenzo[a,d,j]-
corannulene (3.5). The use of FVP in the final step of this route was successful in closing 
Scheme 1: Retrosynthesis of End-Cap Through Tribenzo[a,d,j]corannulene 
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the final bonds; however, the process limits the scale of the synthesis to only tens of 
milligrams per run.  
This first generation synthesis began with a 5 step synthesis of ace-
phenanthrylene-4,5-dione (3.13) from phenanthrene (3.14), which produced the desired 
quinone in 30% overall yield. Once the reaction sequence for the synthesis of 3.14 had 
been optimized, this compound was obtained in hundred milligram quantities for use in 
the subsequent reaction to make 7,10-bis(o-bromophenyl)benzo[b]fluoranthene (3.11a), 
Scheme 2: Original Synthesis of Tribenzo[a,d,j]corannulene 
a) 5 steps, 30% b) 6% KOH / HOCH2CH2OH, 2,5-norbornadiene, 
reflux 6 days, 30% c) FVP, 1055 °C, 1-2 mm Hg, 72% 
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the precursor to the final target molecule. The 1,3-bis(2-bromophenyl)-2-propanone 
(3.12a) also needed for this reaction was easily prepared using Fe2(CO)9 according to a 
literature procedure.
5
 Compounds 3.12a and 3.13 were combined in the next reaction 
sequence, which consists of a double aldol condensation followed by a Diels-Alder 
reaction with 2,5-norbornadiene. An in situ decarbonylation and retro-Diels-Alder 
reaction rearomatized the material, resulting in 3.11a as the isolated product. 
In this method, the cyclopentadienone intermediate (3.15a) generated in the initial 
double aldol condensation was not isolated before the Diels-Alder reaction. Due to 
accumulation on the sides of the flask, the material was never able to completely react 
with the 2,5-norbornadiene resulting in very low yields of 3.11a. The addition of toluene 
to the reaction as a co-solvent improved the reaction somewhat; however the reaction still 
required 5 to 6 days, and the yield was only about 30%.  
The final step in this synthetic route to 3.5 was undertaken through FVP. 
Pyrolysis of this compound afforded 3.5 in a 72% yield (Scheme 2). This is an excellent 
yield for FVP; however, the scale of the reaction is very limited. In this first generation 
synthesis, tribenzo[a,d,j]corannulene (3.5) was obtained in 7 linear steps and 6.5% 
overall yield. This was a good initial synthesis and proof of concept, but there is much 
room for improvement. 
3.3 Dibenzo[a,g]corannulene test system 
Since the goal of this work was the synthesis of the larger members of the 
benzocorannulene family, such as pentabenzo[a,d,g,j,m]corannulene (3.7), the smaller 
tribenzo[a,d,j]corannulene (3.5) is could be used as a starting point for further elaboration 
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to obtain the higher analogs. Therefore, a gram-scale synthesis of 3.5 is needed; 
preferably one that does not involve FVP as the final step. In the years since the 
development of the first synthetic route shown in Scheme 2, the synthesis of 
dibenzo[a,g]corannulene (3.2) has been optimized
1
 (Scheme 3). The sequence of 
transformations is essentially the same for both compounds. Therefore, the lessons 
learned in the synthesis of 3.2 should be readily applicable to the synthesis of 3.5.  
Before redesigning the synthesis of 3.5, a quantity of dibenzo[a,g]corannulene 
(3.2) was synthesized according to the most recent solution phase procedure
1
 for the 
purpose of testing the proposed benzannulation method on this material. As shown in 
Scheme 3, this synthetic route begins with chlorinated material instead of the brominated 
precursors used in earlier work
6
 (Scheme 2), and employs a Heck-type intramolecular 
Scheme 3: Synthesis of Dibenzo[a,g]corannulene 
a) Fe2(CO)9, benzene, 54% b) KOH, MeOH, 90% c) 2,5-norbornadiene, 86% d) 
Pd(PCy3)2Cl2, DBU, DMAc, 71% 
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arylation reaction in the final step to form the corannulene core. These improvements 
have allowed the production of dibenzo[a,g]corannulene (3.2) to be scaled up 
considerably.  
The synthesis proceeded as expected, resulting in a 30% yield of 3.2 over 4 steps. 
Once 3.2 had been obtained, the bromination of this material was carried out according to 
literature precedent
1
 (Scheme 4). Compound 3.20 was converted to 1-vinyldibenzo[a,g]-
corannulene (3.21) through a Suzuki coupling reaction with vinylboronic acid N-methyl-
iminodiacetic acid (MIDA) ester following the procedure reported by Burke.
7
 Compound 
3.20 was mixed with vinylboronic acid MIDA ester in the presence of Pd(OAc)2 and 
SPhos in a degassed solvent mixture consisting of 1,4-dioxane and water (5 to 1). 
Potassium phosphate was added to facilitate the hydrolysis of the ester to the active 
boronic acid. After 4 h at 100 °C, the reaction was worked up, and the collected product 
Scheme 4: Benzannulation of Dibenzo[a,g]corannulene 
a) IBr, DCM, 96% b) vinylMIDA boronate, Pd(OAc)2, SPhos, K3PO4, 
dioxane/H2O, 5-15% c) 2-nitroethanol, phthalic anhydride, o-DCB, 180 °C 
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is taken directly on without extensive purification to a Diels-Alder reaction with 
nitroethylene
8
 (generated in situ by the dehydration of 2-nitroethanol with phthalic 
anhydride) in o-dichlorobenzene at 180 °C.
ii
 After cycloaddition, the molecule is 
expected to rearomatize in situ through the loss of H2 and nitrous acid to yield 
tribenzo[a,d,j]corannulene (3.5), and indeed this material was identified in the crude 
reaction mixture, but it was never isolated. With this proof that the benzannulation 
sequence works on systems larger than corannulene, attention was turned once again to 
the synthesis of 3.5 with the goal of developing a scalable, solution-phase process. 
3.4 Improved synthesis of tribenzo[a,d,j]corannulene 
The prospect of expanding upon the tribenzo[a,d,j]corannulene structure to access 
larger curved aromatic systems, such as pentabenzo[a,d,g,j,m]corannulene (3.7), has been 
the primary motivation for the improvement of the synthesis of 3.5. Upon reconsideration 
of the synthetic route to 3.5, a few key improvements were identified that would reduce 
the number of steps, improve the yield, and, most importantly, make the process practical 
on a gram-scale. 
 The first, and most dramatic, improvement to the original synthesis is the 
reduction in the number of synthetic steps required to obtain the quinone starting material 
(3.13), which is needed to react with ketone 3.12 through a double aldol condensation 
(Scheme 5). This was achieved through the preparation of acephenanthrylene-4,5-dione 
3.13 in one step from 3.14, instead of the five-step synthetic route described previously.
4
 
The procedure used and the quinone product were preliminarily reported in a 2010 
                                                     
ii
 See chapter 2 for a detailed discussion of the background for this reaction. 
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patent.
9
 Direct reaction of 3.14 with oxalyl bromide at -40 °C in a solution of AlBr3 in 
carbon disulfide resulted in a 42% yield of 3.13. Though the yield was modest, this 
reaction uses inexpensive starting materials and reagents and could be carried out on 
multi-gram scale. This single modification eliminates 4 steps from the total synthesis of 
3.5. 
The palladium catalyzed intramolecular arylation planned for the final step in the 
new synthetic route (Scheme 5) has been shown in the synthesis of dibenzo[a,g]-
corannulene (3.2) to give much better results when chlorinated precursors are used, as 
opposed to the use of brominated material.
1
 In order to take advantage of this, it was 
decided that chlorinated precursors would be used in the modified synthesis. To this end, 
1,3-bis(2-chlorophenyl)-2-propanone (3.12b) was prepared in the same manner as 3.12a, 
using diiron nonacarbonyl to couple chlorobenzyl chloride (3.16).
10
 This reaction 
typically results in about a 54% yield. The formation of 7,10-bis(o-chlorophenyl)benzo-
[b]fluoranthene (3.11b), which was previously done in one reaction and with low yields, 
was divided into two separate steps with isolation of the cyclopentadienone intermediate 
(3.15b) after the initial condensation. This modification serves to circumvent the 
solubility issues observed in the original synthesis, and has been shown to greatly 
improve the yield for the overall transformation. In the first step, compounds 3.12b and 
3.13 were subjected to basic conditions to promote a double aldol condensation. The 
product of this condensation, cyclopentadienone intermediate (3.15b), precipitated from 
solution as a dark purple solid and was collected in 82% yield by vacuum filtration. 
Intermediate 3.15b was converted to 3.11b through Diels-Alder cyclization with an 
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acetylene equivalent, which rearomatized under the reaction conditions after loss of 
carbon monoxide. Two methods for this transformation were explored, each using a 
different acetylene equivalent for the initial cycloaddition. The first method was 
essentially the same process used in both the first synthesis of 3.5 (Scheme 2) and in the 
established route to 3.2 (Scheme 3). It was conducted simply by refluxing 3.15b in 2,5-
norbornadiene for 4 to 5 days. In this method, the cycloaddition was followed first by 
loss of carbon monoxide; then a retro-Diels-Alder reaction released cyclopentadiene to 
produce 3.11b in nearly quantitative yield. 
Scheme 5: Solution-Phase Synthesis of Tribenzo[a,d,j]corannulene 
a) oxalyl bromide, AlBr3, CS2, -40 °C, 42% b) Fe2(CO)9, benzene, 54% c) KOH, MeOH, 82% 
d) 2,5-norbornadiene, 99%; or 2-nitroethanol, phthalic anhydride, toluene, 92% e) 
Pd(PCy3)2Cl2, DBU, DMAc, 56% 
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The second method is similar in principle to the reaction with 2,5-norbornadiene, 
but utilizes nitroethylene as the masked acetylene. Due to the propensity for nitroethylene 
to polymerize in the presence of water, the reagent was generated in situ by the 
dehydration of 2-nitroethanol with phthalic anhydride. The reaction proceeds, as before, 
with cycloaddition and loss of carbon monoxide; however, the final process to 
rearomatize the new ring is the release of one equivalent of nitrous acid, as opposed to 
cyclopentadiene. The complete reaction sequence is carried out in toluene at 140 °C in a 
pressure vessel, and proceeds effectively in 24 h to produce 3.11b in 83% isolated yield. 
This method is appealing primarily for the significant reduction in time required for the 
transformation. Employing nitroethylene instead of the 2,5-norbornadiene in this 
transformation reduces the time required from 4 or 5 days to just 24 hours. This works 
well for dilute, small scale reactions; however, large scale reactions should be carried out 
in a flame dried flask with a reflux condenser to avoid the buildup of carbon monoxide 
gas pressure, which could lead to failure of the pressure vessel. The reaction with 
nitroethylene to form the substituted fluoranthene intermediate was also successfully 
applied to the synthesis of dibenzo[a,g]corannulene (3.2). Cyclopentadienone 3.18 was 
converted to 3.19 in 82% yield after 24 hours at 140 °C. 
In the first synthesis of tribenzo[a,d,j]corannulene (3.5, Scheme 2), the final 
cyclization step was accomplished through FVP. This technique was high yielding 
(72%); however, it is severely limited in scale and requires specialized equipment. The 
greatest advantage of the modified synthetic approach is the use of a solution-phase, 
Heck-type intramolecular arylation to create two new carbon-carbon bonds, imparting 
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curvature and forming the corannulene core. The conditions employed in this final step 
call for compound 3.11b to be stirred in N,N-dimethylacetamide at 150 °C for 3 days in 
the presence of Pd(PCy3)2Cl2 and 1,8-diazabicyclo[5.4.0]undec-7-ene. The expected 
product, tribenzo[a,d,j]corannulene (3.5), was obtained from this reaction in 56% isolated 
yield after recrystallization from chloroform. Despite the lower yield observed in this 
system as compared to the 71% yield in the dibenzo[a,g]corannulene (3.2) synthesis, the 
reaction is still a significant improvement over the FVP method previously used to 
synthesize 3.5. The replacement of the FVP step with a solution-phase reaction makes the 
synthesis scalable and easily reproducible without requiring pyrolysis equipment. This 
final step completes the improved total synthesis of 3.5 in 18% overall yield and 4 linear 
steps from commercially available starting materials. This represents a significant 
improvement over the first-generation synthesis, and multiple grams of 
tribenzo[a,d,j]corannulene (3.5) have now been obtained. 
3.5 Synthesis of pentabenzo[a,d,g,j,m]corannulene 
With access to multiple grams of clean tribenzo[a,d,j]corannulene (3.5), attention 
was turned to the benzannulation sequence that would be used to expand 3.5 into 
pentabenzo[a,d,g,j,m]corannulene (3.7). The initial plan was to synthesize bromo-
tribenzo[a,d,j]corannulene (3.22, Scheme 6), which should produce tetrabenzo[a,d,g,j]-
corannulene (3.6) after vinylation and Diels-Alder addition. Once the synthesis of 3.6 had 
been worked out, the insights gained would be applied to the synthesis of 3.7. Two 
primary methods of bromination were attempted in this synthesis. The first was the 
standard iodine monobromide reaction described previously. The second was a 
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Scheme 6: Synthesis of Pentabenzo[a,d,g,j,m]corannulene 
a) IBr, DCM b) AuBr3, NBS, DCM c) vinylboronic acid MIDA ester, Pd(OAc)2, SPhos, K3PO4, 
dioxane/H2O d) PdBr2, 2-(di-t-butylphosphino)biphenyl, 2,4,6,8-tetramethyl-2,4,6,8-tetravinyl-
cyclotetrasiloxane, TBAF, THF d) 2-nitroethanol, phthalic anhydride, toluene, 180 °C 
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bromination with N-bromosuccinimide in the presence of gold (III) bromide.
11
 
Unfortunately both methods were difficult to control when a single bromination is 
desired, and the results were mixtures of starting material, monobrominated, and 
dibrominated products. These mixtures were carried forward with the plan of separating 
the final products. The Suzuki coupling and Diels-Alder steps were performed on the 
mixture of brominated compounds, thus producing a mixture of products which included 
tetrabenzo[a,d,g,j]corannulene (3.6), pentabenzo[a,d,g,j,m]corannulene (3.7), and 
unchanged tribenzo[a,d,j]corannulene (3.5). This test showed the viability of the 
sequence to obtain 3.6 and 3.7; however, the individual products were never isolated 
from the mixture obtained.  
The most appealing method for obtaining clean material would be through control 
of the bromination step. The gold bromide catalyzed reaction gave somewhat better 
product distributions than the iodine monobromide. Revisiting the bromination, it was 
found that when 3.5 was reacted with 2.0 equivalents of N-bromosuccinimide in the 
presence of gold (III) bromide at room temperature, dibromotribenzo[a,d,j]corannulene 
(3.10) was obtained cleanly, but as a mixture of the three possible isomers (Scheme 7b). 
The isomer mixture was used in the subsequent vinylation step, which was initially 
carried out by Suzuki coupling with vinylboronic acid MIDA
7
 ester as in the 
dibenzo[a,g]corannulene test case. The crude mixture was partially cleaned up by 
filtering through a silica plug with dichloromethane, but the material was ultimately 
carried on to the next reaction without extensive purification to avoid material losses due 
to degradation of the product.  
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An alternate method of vinylation was also explored. In this method, developed 
by Denmark,
12
 2,4,6,8-tetramethyl-2,4,6,8-tetravinylcyclotetrasiloxane is used as the 
vinylating agent. It is activated in situ by tetrabutylammonium fluoride, and the coupling 
is facilitated by a palladium catalyst. This reaction proceeds quite well at 50 °C, though 
one isomer of 3.10 is slow to react, and even after 21 h it often remains in the product 
mixture. Silica plug purification with dichloromethane does not completely remove this 
impurity. Judging from the exceptionally low-field chemical shift of the AA′XX′ spin 
system seen in the NMR spectra that contained this recalcitrant dibromide (Figure 2), we 
tentatively assign it the structure 3.10a. 
Scheme 7: Isomers of Brominated Tribenzo[a,d,j]corannulene 
a) Isomers of bromotribenzo[a,d,j]corannulene b) isomers of dibromo-
tribenzo[a,d,j]corannulene 
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The brominated starting material is carried through the subsequent Diels-Alder 
reaction unchanged, and has proven to be difficult to separate from 3.7. It would, 
therefore, be advantageous to completely react or remove this material prior to the Diels-
Alder reaction. When the vinylation was carried out at 70 °C, 3.10 reacts completely, and 
after filtering the product through a silica plug with 1:1 hexanes:dichloromethane the 
result is much cleaner material with no starting material observed. This workup 
effectively removes most of the remaining vinylsiloxane as well as any other reagents 
and byproducts present in the crude reaction mixture. When compound 3.9 is prepared in 
this manner, the product carried forward in the synthesis contains a minimum of side 
product and impurities. 
The relatively clean vinylated material obtained from the siloxane conditions 
provides the best chance observed so far for successful Diels-Alder reaction with 
nitroethylene. Compound 3.9 was stirred with 2-nitroethanol and phthalic anhydride at 
180 °C for 24 hours. The initial product of the cycloaddition of nitroethylene to 3.9 is 
ppm (f1)
7.707.807.908.008.108.208.308.408.508.608.708.808.909.009.109.209.309.409.509.609.709.809.90
1H NMR (500 MHz, CDCl3)
• •
•
•
•
•
Figure 2: NMR of Dibromotribenzo[a,d,j]corannulene (3.10a) 
Pentabenzo[a,d,g,j,m]corannulene  Chapter 3 
158 
 
rearomatized under the reaction conditions, through loss of H2 and nitrous acid, to result 
in 3.7. The crude reaction mixture was washed thoroughly with water and 10% aq sodium 
hydroxide. After removal of the solvent, the product was washed with methanol. The 
result was a 14% yield over two steps of relatively clean product, which was fully 
characterized. 
3.6 Comparison of benzocorannulene bowl depths 
 The synthesis of significant quantities of tribenzo[a,d,j]corannulene (3.5) enabled 
the growth of X-ray quality crystals by slow evaporation of carbon disulfide, which lead 
to the structure shown in Figure 3. Optimized geometry calculations have shown that the 
successive benzannulation of corannulene has a gradual flattening effect on the bowl-
shaped core.
13
 Structure data obtained in the crystal structure of 3.5 can now provide an 
a) b) 
Figure 3: X-ray Crystal Structure of Tribenzo[a,d,j]corannulene 
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important point of comparison for the accuracy of these calculations when applied to 
larger benzologs. 
 For the purpose of analyzing this possible flattening effect, two measurements are 
of particular note. The first is Haddon’s π-orbital axis vector (POAV) angle,14 which is a 
measure of the pyramidalization of an sp
2
 center. The angle reported is the deviation of 
the carbon framework from a 90° angle with the π-orbitals of the conjugated system, 
which is characteristic of flat sp
2
 centers (Figure 4). For the unsymmetric molecules 
considered here, the POAV angles were calculated for each unique carbon center in the 
hub pentagon of the corannulene core. For the purpose of calculations and general 
comparison, the average of the individual POAV angles is also reported in Table 1. 
 The second structural feature considered is the bowl depth of each molecule. This 
value was obtained by taking the shortest distance between the average plane of the 5 hub 
carbon atoms and the average plane created by the 10 carbon atoms on the corannulene 
rim. This measurement is a good indicator of the curvature of corannulene (2.17), 
benzo[a]corannulene (3.1), and dibenzo[a,g]corannulene (3.2); however, it is somewhat 
more ambiguous for the other members of the benzocorannulene family due to the 
significant ‘ruffling’ of the corannulene core caused by adjacent benzo substituents. The 
POAV angle
Figure 4: π-Orbital Axis Vector angle 
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10 rim carbons no longer form an even plane, and the measure of curvature observed by 
this method may be distorted. Still, useful information can be gained about general trends 
in bowl depth, and the ruffling effect itself could offer interesting structural insights. 
Table 1 demonstrates the good agreement between the calculated and 
experimentally determined POAV angles for 2.17, 3.1, and 3.5. In contrast, the calculated 
values for dibenzo[a,g]corannulene (3.2) are significantly lower than those observed in 
the crystal structure, and the bowl depth is almost identical to that for 3.1. Crystal 
structures of tetrabenzo[a,d,g,j]corannulene (3.6) and pentabenzo[a,d,g,j,m]corannulene 
(3.7) are not yet available for comparison to calculations. 
Table 1: POAV Angles and Bowl Depths of Benzocorannulenes 
Structure Compound name
Calc. 
POAV 
angles
at huba
Avg. 
Calc.
POAV 
anglea
Exp.
POAV 
angles 
at hub
Avg.
Exp. 
POAV 
angle
Bowl 
Depth
2.17 Corannulene15 8.1 8.1 8.6, 8.3, 
8.3, 8.4, 
8.3
8.4 0.87Å
3.1 Benzo[a]corannulene16 7.7, 7.8, 
7.7
7.8 7.5, 8.0, 
8.0, 8.2, 
7.9
7.9 0.83Å
3.2 Dibenzo[a,g]-
corannulene17
7.3, 7.3, 
7.4
7.3 7.6, 7.7, 
7.9, 7.8, 
8.0
7.8 0.83Å
3.5 Tribenzo[a,d,j]-
corannulene
6.8, 6.3, 
6.3, 6.7, 
6.6
6.5 6.5, 6.3, 
6.0, 6.6, 
6.5
6.4 0.67Å
3.6 Tetrabenzo[a,d,g,j]-
corannulene
5.8, 5.2, 
5.2, 5.5, 
5.2
5.4 - - -
3.7 Pentabenzo[a,d,g,j,m]-
corannulene
3.8, 3.9, 
3.9, 3.3, 
4.2
3.8 - - -
a) POAV angles (in deg) at hub positions were obtained at the B3LYP/6-31G* level of 
theory.
13
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 Despite the unexpectedly high degree of curvature in compound 3.2, a general 
trend can still be discerned. Both the POAV angles and the bowl depths decrease with an 
increasing number of benzo substituents. The addition of benzo groups to the rim of 
corannulene does indeed flatten the bowl, and calculations predict the continuation of this 
trend, with a particularly dramatic effect in the case of 3.7.   
3.7 Conclusions 
The successful synthesis of pentabenzo[a,d,g,j,m]corannulene (3.7), in 7 linear 
steps and 3% overall yield, represents a significant step forward in the development of 
methods for obtaining a [5,5] carbon nanotube end-cap. The first critical component of 
this achievement was the improvement of the synthesis of tribenzo[a,d,j]corannulene 
(3.5). The primary improvements are the one-step synthesis of 3.13, and the use of 
chlorinated precursors, which allowed for the introduction of curvature in the 
corannulene core through a palladium catalyzed, solution-phase reaction. With the gram-
scale synthesis of 3.5 worked out, the synthesis of 3.7 was accomplished through a 
benzannulation sequence with nitroethylene. With this previously unknown fullerene 
fragment in hand, further studies into the properties of the benzocorannulene family can 
be conducted. Future work in this area should lead to the isolation of 
tetrabenzo[a,d,g,j]corannulene (3.6) without much difficulty. The five-fold closure of 3.7 
into the C40H10 end-cap is an obvious next step (Scheme 1). A large amount of curvature 
would have to be introduced into the molecule; however, the congestion of the benzo 
substituents could compensate for some of the energy costs through the release of steric 
strain as each new carbon-carbon bond is formed. The resulting bowl could then be used 
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as a template for growing carbon nanotubes, and thus achieve a rational synthesis of 
nanotubes of precisely defined structure.  
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3.8 Experimentals 
3.8.1 General 
Commerically available chemicals were used as received without further purification 
unless noted. Dry solvents were purified using a Glass Contour solvent purification 
system. Butyllithium reagents were titrated against diphenylacetic acid prior to use. Thin 
layer chromatography was carried out using Sorbent G polyester backed TLC plates with 
UV 254 nm. Preparative TLC was done on Analtech tapered silica GF plates. Reverse-
phase preparative TLC was achieved using EMD Chemicals glass backed, C-18 coated 
TLC plates with 254 nm fluorescent indicator. Silica gel chromatography was carried out 
using Sorbent Technology or Zeochem silica gel with a porosity of 60 Å and a particle 
size of 32-63 µm. NMR spectra were recorded in the Boston College Nuclear Magnetic 
Resonance Center on Varian instruments. NMR shifts are reported in ppm downfield 
from tetramethylsilane, using the solvent as the standard reference: chloroform-d1 (δH = 
7.26 ppm, δC = 77.0 ppm), dimethylsulfoxide-d6 (δH = 2.50 ppm, δC = 39.4 ppm). Mass 
spectrometry was run with a Thermo Finnigan Trace DSQ using electron impact 
ionization with direct insertion capability (DEP) to m/z 1050. High resolution mass 
spectrometry was performed in the Boston College Mass Spectrometry Center on a 
DART-TOF spectrometer operating in positive ionization mode. Infrared spectrometry 
(IR) was run on a Nicolet Avatar 360 FT-IR spectrometer. Ultraviolet-visible (UV-vis) 
spectra were obtained using a Hewlett Packard diode array spectrometer. X-ray 
crystallography was performed at the Boston College X-ray Crystallography Center on a 
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Siemens 3-circle geometry platform diffractometer with a Bruker APEX CCD area 
detector equipped with a molybdenum source. Melting points are reported uncorrected.  
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3.8.2 1,3-Bis(2-chlorophenyl)propan-2-one (3.12b) 
 
In a 500 mL, flame dried, three-neck round bottom flask, 25 g (68.7 mmol) diiron 
nonacarbonyl was mixed with 200 mL anhydrous benzene. After the addition of 8.7 mL 
(69 mmol) 2-chlorobenzylchloride, the reaction mixture was refluxed for 24 h. The 
solution was allowed to cool to room temperature and filtered through a silica plug, 
flushing with dichloromethane. The solvent was removed under reduced pressure, and the 
crude material was recrystallized from hexanes to yield 5.21 g (18.6 mmol, 54%) of clean 
product. 
1
H NMR (500 MHz, CDCl3): δ 7.41-7.36 (m, 2H), 7.25-7.20 (m, 6H), 3.93 (s, 4H). 
lit.
1
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3.8.3 7,9-Bis(2-chlorophenyl)-8H-cyclopenta[a]acenaphthylen-8-one (3.18) 
 
In a 125 mL Erlenmeyer flask, 1.00 g (3.58 mmol) 1,3-bis(2-chlorophenyl)propan-2-one 
and 653 mg (3.58 mmol) acenaphthylene-1,2-dione were combined. A solution of 292 
mg (5.20 mmol) potassium hydroxide in 30 mL methanol was added, and the reaction 
mixture was stirred at room temperature for 2 hours. After allowing the mixture to stand 
without stirring overnight, the solid purple product was collected by vacuum filtration 
and washed with a small amount of methanol to give 1.37 g (3.22 mmol, 90%) of the 
desired product. 
1
H NMR (500 MHz, CDCl3 for a mixture of diastereomers): δ 7.88 (d, J = 7.9 Hz, 2H), 
7.62-7.52 (m, 8H), 7.42-7.36 (m, 4H). 
lit.
1
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3.8.4 7,10-Bis(2-chlorophenyl)fluoranthene (3.19) 
3.7.4.1   Reaction with 2,5-norbornadiene 
 
In a 10 mL round bottom flask, 500 mg (1.18 mmol) 7,9-bis(2-chlorophenyl)-8H-
cyclopenta[a]acenaphthylen-8-one was stirred in 5 mL of refluxing 2,5-norbornadiene for 
5 days. After allowing the mixture to cool to room temperature, the solvent was removed 
under vacuum. The crude material was separated by flash chromatography on silica 
eluted with 3:1 hexanes:dichloromethane. The purified product was obtained in 86% 
yield (428 mg, 1.01 mmol). 
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3.8.4.2   Reaction with nitroethylene 
 
In a 150 mL flame dried pressure vessel, 1.00 g (2.35 mmol) 7,9-bis(2-chlorophenyl)-8H-
cyclopenta[a]acenaphthylen-8-one and 8.71 g (58.8 mmol) phthalic anhydride were 
mixed in 30 mL toluene. After the addition of 4.0 mL (57 mmol) 2-nitroethanol, the 
pressure vessel was capped and placed in a 140 °C oil bath to stir for 24 hours. 
CAUTION: This reaction should be run in a standard flask with a reflux condenser to 
prevent the buildup of carbon monoxide pressure, which resulted in an explosion of the 
pressure vessel in a similar reaction. The reaction mixture was allowed to cool to room 
temperature before it was diluted with dichloromethane, and washed three times with 
10% aq sodium hydroxide and twice with water. The material was dried over magnesium 
sulfate, evaporated to dryness, and purified by flash chromatography on silica with 3:1 
hexanes:dichloromethane to give 814 mg (1.92 mmol, 82%) of the desired product. 
1
H NMR (500 MHz, CDCl3 for a mixture of diastereomers): δ 7.76 (d, J = 7.9 Hz, 2H), 
7.67-7.64 (m, 2H), 7.611 (d, J = 7.0 Hz, 1H of major diastereomer), 7.606 (d, J = 6.9 Hz, 
1H of minor diastereomer), 7.557 (d, J = 7.1 Hz, 1H of major diastereomer), 7.553 (d, J = 
7.0 Hz, 1H of minor diastereomer), 7.51-7.44 (m, 4H), 7.38 (dd, J = 8.2 Hz, 7.1 Hz, 2H), 
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7.309 (s, 2H of major diastereomer), 7.306 (s, 2H of minor diastereomer), 6.904 (d, J = 
6.8 Hz, 2H of minor diastereomer), 6.901 (d, J = 6.8 Hz, 2H of major diastereomer). 
lit.
1
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3.8.5 Dibenzo[a,g]corannulene (3.2) 
 
In a flame dried 75 mL pressure vessel, 500 mg (1.18 mmol) 7,10-bis(2-chlorophenyl)-
fluoranthene and 92.5 mg (0.125 mmol) Pd(PCy3)2Cl2 were mixed in 5 mL N,N-
dimethylacetamide. After the addition of 5.3 mL 1,8-diazabicyclo[5.4.0]undec-7-ene, the 
pressure vessel was capped and placed in a 150 °C oil bath; the reaction mixture was 
allowed to stir for 3 days. The reaction mixture was allowed to cool to room temperature 
and filtered through a plug of neutral alumina, flushing with a 1:1 
hexanes:dichloromethane solution. The organic solution was washed twice with 10% aq 
hydrochloric acid and twice with water, dried over magnesium sulfate, and evaporated to 
dryness. Recrystallization of the material from hexanes gave 293 mg (0.837 mmol, 71%) 
of purified product. 
1
H NMR (500 MHz, CDCl3): δ 8.73-8.70 (m, 2H), 8.69-8.65 (m, 2H), 8.37 (s, 2H), 8.28 
(d, J = 8.7, 2H), 8.00 (d, J = 8.7, 2H), 7.79-7.74 (m, 4H). 
lit.
6
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3.8.6 1-Bromodibenzo[a,g]corannulene (3.20) 
 
In a flame dried 10 mL round bottom flask, 45.1 mg (0.129 mmol) dibenzo[a,g]-
corannulene was mixed with 2.5 mL dry dichloromethane; then 65.3 mg (0.316 mmol) 
iodine monobromide was added, and the reaction mixture was stirred at room 
temperature for 16 h. The solution was diluted with dichloromethane, and 10% aq sodium 
thiosulfate was added to quench any excess IBr. The organic layer was washed three 
times with water, dried over magnesium sulfate, and evaporated to give 53.2 mg of a 
mixture of products that was observed to be mostly product by 
1
H NMR. 
1
H NMR (500 MHz, CDCl3): δ 8.63-8.58 (m, 3H), 8.50-8.47 (m, 1H), 8.34 (s, 1H), 8.23 
(d, J = 8.7 Hz, 1H), 8.21 (d, J =8.5 Hz, 2H), 7.97 (d, J = 8.7 Hz, 1H), 7.78-7.70 (m, 4H). 
lit.
1
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3.8.7 1-Vinyldibenzo[a,g]corannulene (3.21) 
   
In a 10 mL round bottom flask, 53.2 mg (0.124 mmol) 1-bromodibenzo[a,g]corannulene, 
27.7 mg (0.151 mmol) vinylboronic acid N-methyliminodiacetic acid (MIDA)
7
 ester, 2.0 
mg (0.0089 mmol) Pd(OAc)2, and 11.7 mg (0.0285 mmol) SPhos (2-dicyclohexyl-
phosphino-2',6'-dimethoxybiphenyl)
18
 were mixed in 2.5 mL of a degassed solution of 
1,4-dioxane and water (5:1). The mixture was degassed for 10 min before the addition of 
213 mg (1.00 mmol) potassium phosphate and placing the flask in a 100 °C oil bath. The 
reaction mixture was allowed to stir for 4 h. After cooling to room temperature, the 
mixture was diluted with diethyl ether and quenched with 10% aq NaOH. The organic 
layer was washed three times with water, dried over magnesium sulfate, and evaporated 
to dryness. The crude material was dissolved in dichloromethane and filtered through a 
short silica plug to remove the catalyst and some of the ligand. The crude product 
weighed 23.0 mg (45-55% estimated yield), with an estimated purity of 15-20%, which 
amounts to a yield between 5 and 15%. This material was taken on to the next reaction 
without further purification. 
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3.8.8 Diels-Alder reaction of 3.21 
  
The impure product from the previous reaction was transferred to a flame dried 15 mL 
pressure vessel along with 454 mg (3.07 mmol) phthalic anhydride and 3.4 mL o-
dichlorobenzene. To this was added 0.215 mL (3.05 mmol) 2-nitroethanol, and the 
pressure vessel was capped and placed in a 180 °C oil bath to stir for 3.5 days. After 
allowing the reaction mixture to cool to room temperature, it was diluted with 
dichloromethane and washed several times with 10% aq sodium hydroxide and water to 
remove the nitroethylene polymer formed in the reaction. The organic layer was dried 
over magnesium sulfate, and the solvent was removed under reduced pressure. The crude 
material was purified by thin layer chromatography on silica eluted with 70:30 
cyclohexane:dichloromethane. One of the bands isolated was found to be a mixture of 
dibenzo[a,g]corannulene and tribenzo[a,d,j]corannulene. 
See section 3.8.12 below for full characterization of tribenzo[a,d,j]corannulene.  
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3.8.9 Acephenanthrylene-4,5-dione (3.13) 
 
In a flame dried, 500 mL round bottom flask, 30.6 g (115 mmol) aluminum bromide was 
dissolved in 200 mL carbon disulfide. The solution was cooled to -40 °C, and a solution 
of 10.0 g (56.1 mmol) phenanthrene and 5.30 mL (56.5 mmol) oxalyl bromide in 80 mL 
carbon disulfide was added slowly over 15 minutes. The mixture was stirred at -40 °C for 
3 hours before being allowed to warm to room temperature. After stirring for 1 h more, 
the mixture was poured carefully into water. It was then thoroughly extracted with 
dichloromethane. The organic solution was washed three times with water and once with 
brine, dried over magnesium sulfate, and evaporated to dryness. Column chromatography 
on silica eluted with dichloromethane gave 5.49 g (42%) of acephenanthrylene-4,5-dione 
as a bright yellow solid. mp 242-245 °C. 
1
H NMR (500 MHz, CDCl3): δ (ppm): 8.86 (d, J = 8.1 Hz, 1H), 8.69 (d, J = 8.2 Hz, 1H), 
8.35 (s, 1H), 8.17-8.13 (m, 2H), 7.95 (dd, J = 8.2 Hz, 7.2 Hz, 1H), 7.90 (ddd, J = 8.3 Hz, 
7.0 Hz, 1.3 Hz, 1H), 7.79 (ddd, J = 8.1 Hz, 7.0 Hz, 1.2 Hz, 1H).  
13
C NMR (125 MHz, CDCl3): δ 188.6, 188.2, 142.9, 132.5, 131.8, 131.6, 130.3, 129.3, 
129.0, 128.8, 128.7, 128.5, 125.9, 124.8, 123.1, 122.3. 
HRMS (DART-TOF) calcd for C16H9O2 (M+H)
+
 233.0602, found 233.0603. 
lit.
9
  
Pentabenzo[a,d,g,j,m]corannulene   Chapter 3 
182 
 
  
1
H
 N
M
R
 (
5
0
0
 M
H
z,
 C
D
C
l 3
)
p
p
m
 (
f1
)
1
.0
2
.0
3
.0
4
.0
5
.0
6
.0
7
.0
8
.0
9
.0
1
0
.0
p
p
m
 (
f1
)
7
.8
0
7
.9
0
8
.0
0
8
.1
0
8
.2
0
8
.3
0
8
.4
0
8
.5
0
8
.6
0
8
.7
0
8
.8
0
Pentabenzo[a,d,g,j,m]corannulene   Chapter 3 
183 
 
  
p
p
m
 (
f1
)
1
0
2
0
3
0
4
0
5
0
6
0
7
0
8
0
9
0
1
0
0
1
1
0
1
2
0
1
3
0
1
4
0
1
5
0
1
6
0
1
7
0
1
8
0
1
9
0
2
0
0
2
1
0p
p
m
 (
f1
)
1
2
2
.0
1
2
3
.0
1
2
4
.0
1
2
5
.0
1
2
6
.0
1
2
7
.0
1
2
8
.0
1
2
9
.0
1
3
0
.0
1
3
1
.0
1
3
2
.0
1
3
C
 N
M
R
 (
1
2
5
 M
H
z,
 C
D
C
l 3
)
Pentabenzo[a,d,g,j,m]corannulene   Chapter 3 
184 
 
3.8.10   9,11-Bis(2-chlorophenyl)-10H-cyclopenta[e]acephenanthrylen-10-one (3.15b) 
 
In a 125 mL Erlenmeyer flask, 1.20 g (4.31 mmol) 1,3-bis(2-chlorophenyl)propan-2-one 
and 1.00 g (4.31 mmol) acephenanthrylene-4,5-dione were mixed in a solution of 0.405 g 
(7.22 mmol) potassium hydroxide in 36 mL methanol. The mixture was stirred at room 
temperature for 4 hours, during which time a dark precipitate formed. The mixture was 
left to sit without stirring overnight to allow the product to fully precipitate before it was 
collected by vacuum filtration and dried to yield 1.69 g (3.56 mmol, 82%) of pure 
product as a dark purple solid. mp 205-212 °C (mixture of diastereomers melts in two 
stages). 
1
H NMR (500 MHz, CDCl3, for a mixture of diastereomers): δ (ppm): 8.62 (d, J = 8.0 
Hz, 1H), 8.57 (d, J = 8.0 Hz, 1H), 7.96 (d, J = 7.9 Hz, 1H), 7.82 (d, J = 5.0 Hz, 1H), 7.76-
7.54 (m, 8H), 7.47-7.37 (m, 4H). 
13
C NMR (125 MHz, CDCl3, for a mixture of diastereomers): δ 199.8, 199.5, 156.8, 
156.6, 155.3, 155.2, 142.8, 134.2, 134.1, 133.1, 132.1, 132.0, 131.7, 131.6, 131.0, 130.4, 
130.11, 130.05, 129.97, 129.6, 129.5, 128.9 (broad), 128.8, 128.5, 127.9, 127.3, 126.6 
(broad), 125.0, 124.8, 124.4, 124.2, 124.1, 122.8, 120.0 (broad), 119.0. 
HRMS (DART-TOF) calcd for C31H17Cl2O (M+H)
+
 475.0656, found 475.0640.  
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3.8.11   7,10-Bis(o-chlorophenyl)benzo[b]fluoranthene (3.11b) 
3.8.11.1   Reaction of 3.15b with 2,5-norbornadiene 
 
In a 5 mL round bottom flask, 318 mg (0.669 mmol) 9,11-bis(2-chlorophenyl)-10H-
cyclopenta[e]acephenanthrylen-10-one was stirred in 1.0 mL 2,5-norbornadiene at reflux 
for 5 days. After allowing the reaction mixture to cool to room temperature, the solvent 
was removed under reduced pressure. The product was purified by filtration through a 
plug of silica with dichloromethane. The final purified product was collected in greater 
than 98% yield (316 mg, 0.668 mmol). 
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3.8.11.2   Reaction of 3.15b with nitroethylene 
 
In a flame dried 250 mL round bottom flask with a reflux condenser, 3.97 g (8.35 mmol) 
9,11-bis(2-chlorophenyl)-10H-cyclopenta[e]acephenanthrylen-10-one and 31.0 g (209 
mmol) phthalic anhydride were mixed in 100 mL toluene. After the addition of 14.7 mL 
(209 mmol) 2-nitroethanol, the reaction mixture was heated to 140 °C and stirred for 26 
h. After allowing the reaction mixture to cool to room temperature, it was diluted with 
dichloromethane. The organic layer was washed three times with 10% aq sodium 
hydroxide and three times with water before drying over magnesium sulfate and 
evaporation of the solvent. The crude residue was purified by flash chromatography on 
silica with 3:1 hexanes:dichloromethane. The product collected weighed 2.78 g (5.87 
mmol, 70%). Further elution with dichloromethane resulted in the recovery of 11% of the 
starting material. The purified product was fully characterized.  
mp 130-186 °C (two stages). 
1
H NMR (500 MHz, CDCl3, for a mixture of diastereomers): δ  8.59 (d, J = 8.1 Hz, 1H), 
8.41 (d, J = 8.2 Hz, 1H), 7.74-7.46 (m, 12H), 7.39-7.35 (m, 2H), 7.18 (s, 1H), 6.98 (d, J = 
7.3 Hz, 1H). 
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13
C NMR (125 MHz, CDCl3, for a mixture of diastereomers): δ 139.4, 139.32, 139.29, 
138.4, 136.3, 136.21, 136.20, 135.40, 135.38, 134.78, 134.76, 134.24, 134.23, 133.76, 
133.75, 133.63, 133.62, 132.3, 131.4, 131.2, 130.5, 129.90, 129.85, 129.82, 129.77, 
129.42, 129.40, 129.35, 129.34, 129.27, 129.26, 128.64, 128.63, 128.0, 127.25, 127.24, 
127.14, 127.12, 127.10, 127.07, 127.03, 126.5, 124.3, 122.8, 121.8, 121.7.  
HRMS (DART-TOF) calcd for C32H19Cl2 (M+H)
+
 473.0864, found 473.0846.  
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3.8.12   Tribenzo[a,d,j]corannulene (3.5) 
 
In a flame dried 150 mL pressure vessel containing a magnetic stir bar, 1.00 g (2.11 
mmol) 7,10-bis(o-chlorophenyl)benzo[b]fluoranthene and 0.331 g (0.448 mmol) 
Pd(PCy3)2Cl2 were mixed in 9.0 mL N,N-dimethylacetamide. After the addition of 9.5 
mL (63 mmol) 1,8-diazabicyclo[5.4.0]undec-7-ene, the pressure vessel was capped and 
placed in a 150 °C oil bath to stir for 3 days. The reaction mixture was allowed to cool to 
room temperature before filtering through a plug of neutral alumina and flushing with 
dichloromethane. As the solution was diluted with dichloromethane from flushing the 
plug, some of the product precipitated out. This solid was collected by vacuum filtration. 
The filtrate was washed twice with 10% aq hydrochloric acid, once with water, and once 
with brine. The solvent was removed under reduced pressure, and the crude material was 
purified by recrystallization from chloroform. The total amount of clean product collected 
weighed 476 mg (1.19 mmol, 56%).  
mp 302-304 °C. 
 
1
H NMR (500 MHz, CDCl3): δ 9.36 (dd, J = 8.2 Hz, 1.3 Hz, 2H), 8.81 (dd, J = 7.8 Hz, 
1.7 Hz, 2H), 8.68 (AA′ of AA′XX′, 2H), 8.38 (d, J = 8.6 Hz, 2H), 8.36 (d, J = 8.6 Hz, 
2H), 7.85-7.78 (m, 4H), 7.76 (XX′ of AA′XX′, 2H). 
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13
C NMR (125 MHz, C2D2Cl4): δ 134.7, 134.5, 133.8, 133.6, 132.8, 132.7, 128.2, 127.9, 
127.6, 127.3, 127.2, 126.6, 125.5, 125.1, 124.6, 124.3, 123.9. 
HRMS (DART-TOF) calcd for C32H17 (M+H)
+
 401.1330, found 401.1325. 
X-ray quality crystals were grown by slow evaporation of carbon disulfide. See 
Cambridge Crystal Data Base for X-ray crystal data CCDC 856219 
lit.
2,4
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Table 1.  Crystal data and structure refinement for C32H16. 
Identification code  C32H16 
Empirical formula  C32H16 
Formula weight  400.45 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Monoclinic 
Space group  P 21 
Unit cell dimensions a = 19.2518(9) Å = 90°. 
 b = 21.6277(10) Å = 90.101(4)°. 
 c = 26.6863(14) Å  = 90°. 
Volume 11111.4(9) Å3 
Z 24 
Density (calculated) 1.436 Mg/m3 
Absorption coefficient 0.624 mm-1 
F(000) 4992 
Crystal size 0.20 x 0.14 x 0.06 mm3 
Theta range for data collection 1.66 to 67.70°. 
Index ranges -12<=h<=23, -25<=k<=25, -31<=l<=31 
Reflections collected 92009 
Independent reflections 38588 [R(int) = 0.0385] 
Completeness to theta = 67.70° 98.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9635 and 0.8854 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 38588 / 1 / 3458 
Goodness-of-fit on F2 1.044 
Final R indices [I>2sigma(I)] R1 = 0.0406, wR2 = 0.0966 
R indices (all data) R1 = 0.0459, wR2 = 0.1000 
Extinction coefficient na 
Largest diff. peak and hole 0.194 and -0.179 e.Å-3 
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3.8.13   Bromotribenzo[a,d,j]corannulene (3.22 mixture of isomers) 
3.8.13.1   Bromination with IBr 
 
In a flame dried 5 mL round bottom flask, 28.7 mg (0.139 mmol) of iodine monobromide 
was dissolved in 1.3 mL dichloromethane. After the addition of 25.5 mg (0.0637 mmol) 
tribenzo[a,d,j]corannulene, the mixture was stirred at room temperature for 17 h. The 
reaction mixture was diluted with dichloromethane, and any remaining brominating agent 
was quenched by washing the solution with 10% aq sodium thiosulfate. The organic layer 
was washed with water and dried over magnesium sulfate. The solvent was removed 
under reduced pressure to give 29.7 mg of crude material, which was determined by mass 
spectrometry to be a mixture of starting material, product, and dibrominated material. 
MS (EI-MS): Starting material (m/z 400.18), monobrominated (m/z 478.10), and 
dibrominated material (m/z 558.01) were all observed. 
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3.8.13.2   Bromination with NBS and AuBr3
11
 
 
In a flame dried 5 mL round bottom flask, 25.2 mg (0.0629 mmol) tribenzo[a,d,j]-
corannulene, 14.2 mg (0.0798 mmol) N-bromosuccinimide, and 4.0 mg (0.0092 mmol) 
gold (III) bromide were mixed in 1.2 mL of dry 1,2-dichloroethane. The flask was placed 
in a 75 °C oil bath to stir for 22 h. After allowing the reaction mixture to cool to room 
temperature, it was filtered through a silica plug with dichloromethane. The solvent was 
removed under reduced pressure to give 29.7 mg of crude product, which consisted 
primarily of the two isomers of the desired monobromination product. Starting material 
and dibrominated product were also observed by mass spectrometry. 
1
H NMR (500 MHz, CDCl3): δ signals between 9.68 and 7.33. 
MS (EI-MS): Monobrominated (m/z 480.10), and dibrominated material (m/z 558.00) 
were both observed. 
HRMS (DART-TOF) calcd for C32H16Br1 (M+H)
+
 479.0435, found 479.0453.  
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3.8.14   Vinyltribenzo[a,d,j]corannulene (3.23 mixture of isomers) 
 
In a 5 mL round bottom flask, 16.2 mg (0.0338 mmol) bromotribenzo[a,d,j]corannulene, 
12.4 mg (0.0676 mmol) vinylboronic acid MIDA
7
 ester, 2.9 mg (0.013 mmol) Pd(OAc)2, 
and 12.5 mg (0.0304 mmol) SPhos
18
 were mixed in 0.7 mL of a degassed solution of 1,4-
dioxane and water (5 to 1). After the addition of 111 mg (0.523 mmol) K3PO4, the 
reaction mixture was stirred at 100 °C for 4 h, then allowed to cool to room temperature. 
The mixture was diluted with diethyl ether and washed once with 10% aq sodium 
hydroxide and three times with water. The organic solution was dried over magnesium 
sulfate, and the solvent was removed under reduced pressure. The material was filtered 
through a silica plug with dichloromethane to remove some of the ligand. The crude 
product weighed 4.6 mg (30-35% estimated yield), with an estimated purity of 10-20%, 
which amounts to a yield between 5 and 10%. This material was taken on to the next 
reaction without further purification. 
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3.8.15   Tetrabenzo[a,d,g,j]corannulene (3.6) 
 
In a flame dried 15 mL pressure vessel equipped with a stir bar, 4.6 mg of 
vinyltribenzocorannulene (unpurified) was dissolved in 0.71 mL o-dichlorobenzene. 
After the addition of 0.08 mL (0.7 mmol) 2-nitroethylacetate, the pressure vessel was 
capped and placed in a 180 °C oil bath to stir for 2 days. After allowing the reaction 
mixture to cool to room temperature, it was diluted with dichloromethane and 10% aq 
sodium hydroxide. This biphasic mixture was stirred overnight before being allowed to 
stand without stirring to separate into layers. The organic layer was evaporated to 
dryness, and the crude material was purified by thin layer chromatography on silica, 
eluted with 70:30 cyclohexane:dichloromethane. The top band on the plate weighed 0.7 
mg and was a mixture of tribenzo[a,d,j]corannulene (m/z 400.18), tetrabenzo[a,d,g,j]-
corannulene (m/z 450.23), and pentabenzo[a,d,g,j,m]corannulene (m/z 500.21), in an 
approximate ratio of 12:17:1 determined by proton NMR. 
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3.8.16   Dibromotribenzo[a,d,j]corannulene (3.10 mixture of isomers) 
 
In a flame dried 100 mL round bottom flask, 1.01 g (2.52 mmol) tribenzo[a,d,j]-
corannulene, 112 mg (0.256 mmol) gold (III) bromide,
11
 and 909 mg (5.11 mmol) N-
bromosuccinimide were mixed in 44 mL dichloromethane. The reaction mixture was 
stirred at room temperature for 18 h. Toluene and 10% aq hydrochloric acid were added 
to the mixture, which was then stirred with gentle warming for 2 h. The organic layer was 
washed twice with water and once with brine. The solvent was removed under reduced 
pressure, and the solid was washed with hot hexanes followed by a small amount of 
water. After drying, the product weighed 1.36 g (2.43 mmol, 96%). This material is 
composed of a mixture of the three possible isomers of dibromotribenzo[a,d,j]-
corannulene. 
1
H NMR (500 MHz, CDCl3): δ signals between 9.75 and 7.57. 
MS (EI-MS): m/z 558.11 
HRMS (DART-TOF) calcd for C32H15Br2 (M+H)
+
 556.9540, found 556.9554. 
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3.8.17   Divinyltribenzo[a,d,j]corannulene (3.9 mixture of isomers) 
3.8.17.1   Suzuki reaction with vinylboronic acid MIDA ester 
 
In a 15 mL round bottom flask with a reflux condenser, 50.2 mg (0.0899 mmol) 
dibromotribenzo[a,d,j]corannulene, 39.7 mg (0.217 mmol) vinylboronic acid MIDA
7
 
ester, 5.4 mg (0.024 mmol) Pd(OAc)2, and 27.7 mg (0.0675 mmol) SPhos
18
 were mixed 
in 1.8 mL of a degassed solution of 1,4-dioxane and water (5 to 1). After degassing the 
mixture for 10 minutes more, 295 mg (1.39 mmol) K3PO4 was added and the flask was 
placed in a 100 °C oil bath to stir for 4 h. After allowing the reaction mixture to cool to 
room temperature, it was diluted with diethyl ether and washed once with 10% aq sodium 
hydroxide and twice with water. The organic solution was dried over magnesium sulfate 
and filtered through a silica plug with dichloromethane. The solvent was removed under 
vacuum. The crude product weighed 30.1 mg (70-75% estimated yield), with an 
estimated purity of 50-60%, which amounts to a yield between 35 and 45%. This material 
was taken on to the next reaction without further purification. 
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3.8.17.2   Vinylation with tetravinylcyclotetrasiloxane
12b
 
 
In a flame dried 15 mL round bottom flask with a reflux condenser, 500 mg (0.896 
mmol) dibromotribenzo[a,d,j]corannulene, 25.7 mg (0.0965 mmol) PdBr2, and 65.5 mg 
(0.219 mmol) 2-(di-t-butylphosphino)biphenyl were mixed in 0.51 mL tetrahydrofuran. 
After the addition of 0.31 mL (0.90 mmol) 2,4,6,8-tetramethyl-2,4,6,8-tetravinyl-
cyclotetrasiloxane and 1.8 mL (3.6 mmol) of a 2.0 M solution of tetrabutylammonium 
fluoride in tetrahydrofuran, the reaction flask was placed in a 70 °C oil bath to stir for 6 
h. After allowing the reaction mixture to cool to room temperature, it was diluted with a 
small amount of a 1:1 hexane:dichloromethane solution and stirred for 10 minutes before 
it was filtered through a silica plug, which was flushed with more 1 to 1 solvent mixture. 
The solvent was removed under reduced pressure. The crude product weighed 324 mg 
(75-85% estimated yield), with an estimated purity of 40-45%, which amounts to a yield 
between 30 and 40%. This material was taken on to the next reaction without further 
purification. 
1
H NMR (500 MHz, CDCl3): δ aromatic signals between 9.62 and 7.63, vinyl signals 
between 6.04 and 5.63. 
MS (EI-MS): m/z 452.27 
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HRMS (DART-TOF) calcd for C36H21 (M+H)
+
 453.1643, found 453.1642. 
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3.8.18   Pentabenzo[a,d,g,j,m]corannulene (3.7) 
 
In a flame dried 75 mL pressure vessel, 324 mg of divinyltribenzo[a,d,j]corannulene 
(impure material carried on from previous reaction) and 6.84 g (46.2 mmol) phthalic 
anhydride were mixed with 50 mL o-dichlorobenzene. After the addition of 3.2 mL (45 
mmol) 2-nitroethanol, the pressure vessel was capped and placed in a 180 °C oil bath to 
stir for 24 h. After allowing the reaction mixture to cool to room temperature, it was 
diluted with toluene and washed four times with 10% aq sodium hydroxide and water. 
The organic solution was dried over magnesium sulfate. After removal of the solvent 
under reduced pressure, the residue was dissolved in 2 to 3 mL of toluene and methanol 
was added to precipitate the product. The solid was collected by vacuum filtration, 
washed with a small amount of methanol, and dried. The collected product weighed 61.1 
mg, which corresponds to a 14% yield over two steps from dibromotribenzo-
[a,d,j]corannulene. The material was further purified on reverse phase silica prep plates 
eluted with 2 to 1 dichloromethane:hexanes and extracted from the solid phase with 
dichloromethane. 
1
H NMR (500 MHz, CDCl3): δ 9.34 (AA′ of AA′XX′, 10H), 7.78 (XX′ of AA′XX′, 
10H). 
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13
C NMR (125 MHz, CDCl3): δ 134.1, 132.0, 128.0, 126.1, 123.9. 
UV-Vis (CH2Cl2) λmax (ε, cm
-1
 M
-1
) 264 (21237), 300 (sh, 37530), 312 (51850), 342 (sh, 
13149), 356 (sh, 11098), 388 (4074), 408 (2699) 
MS (EI-MS): m/z 500.21 
HRMS (DART-TOF) calcd for C40H21 (M+H)
+
 501.1643, found 501.1657. 
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HRMS Directly From TLC Slides – DART Methods1
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4.1 Introduction 
 Thin-layer chromatography (TLC) continues to enjoy widespread popularity as 
one of the fastest and simplest methods for monitoring the progress of reactions in 
synthetic organic chemistry.
2
 Disappearance of the spot corresponding to starting 
material on consecutive TLC slides is generally accompanied by the appearance of one or 
more new spots corresponding to the product(s). Assigning chemical structures to the 
products that give rise to each new spot typically entails preparative TLC, HPLC, or 
column chromatography for isolation of the various components, which are then analyzed 
individually by NMR and/or other spectroscopic methods. By using the new open air 
ionization sources developed for mass spectrometry,
3
 however, it is now a simple matter 
to obtain high-resolution mass spectra (HRMS) of compounds directly from standard 
TLC slides, routinely, even while monitoring the course of a chemical reaction, without 
the need for preparative-scale chromatography or time-consuming sample preparation. 
Herein we illustrate the simplicity and power of this new tool by describing the TLC 
separation and direct HRMS analysis of the components in an artificial mixture of four 
familiar organic compounds: cinnamaldehyde, phenolphthalein, acetaminophen, and 
caffeine (Figures 1 and 2). 
4.2 Analysis of an example mixture 
 The four spectra pictured in Figure 2 show base peaks for the individual 
compounds as their protonated molecular ions (M + 1 peaks). In our experience, some 
compounds also show small peaks corresponding to proton-bound dimers (2M + 1 
peaks), e.g., cinnamaldehyde and acetaminophen.
4
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 In 2005, the DART (direct analysis in real time) ionization source was introduced 
for use with standard time-of-flight mass spectrometers.
5
 This atmospheric pressure 
ionization method uses a hot stream of excited-state helium atoms to excite clusters of 
water molecules in the atmosphere, which in turn transfer protons to the molecules of 
interest, thus creating the organic ions. Producing a spectrum requires only that the 
sample be held momentarily in the gas stream (more details below). Computer software 
compares the data to a calibration standard to yield precise mass measurements.  
 Because DART is a “soft ionization” method, the compounds chosen for this 
illustration all give simple mass spectra consisting of only one or two peaks. A mixture of 
these compounds in methanol was spotted on a plastic backed silica TLC slide, and the 
slide was developed with 35% hexanes/65% ethyl acetate as the eluant. The four 
compounds separated completely from each other, as shown in Figure 1. 
Figure 1:  HRMS directly from TLC slides 
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Figure 2: High-resolution mass spectra recorded directly from the four 
spots on the TLC slide shown in Figure 1. The spectra are pictured in 
the same order, top to bottom, as the TLC spots from which they were 
taken. 
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 For mass spectral analysis, the spots were visualized under a UV lamp and circled 
with a pencil. For compounds that can be visualized by exposure to iodine vapors, such 
as phenolphthalein and acetaminophen, we have found that the stained spots still yield 
good DART mass spectra. Cinnamaldehyde and caffeine spots are not visible under 
iodine staining conditions. The TLC slide was then cut with scissors down the center of 
the four spots, and the edge of the TLC slide was held so that the gas stream grazed the 
center of each spot (Figure 3), beginning at the bottom of the slide and ending with the 
compound that traveled the furthest. When using the iodine staining method of 
visualization, slightly cleaner mass spectra are obtained by cutting the TLC slide first, 
Figure 3: Holding the TLC slide in the DART mass spectrometer 
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staining only one half to locate the spots and then using the other half for the mass 
spectrometric analysis. The TLC slides should be handled with tweezers to avoid 
introducing biological contaminants from the fingers of the operator. Also, the thin beam 
of ionized gases that travels from the ion generator to the orifice on the mass 
spectrometer is hot, and fingers should be kept out of it to prevent burns. 
 The slide was removed from the gas stream for a few seconds between each spot 
to clearly separate the peaks in the resulting ion count vs time data file (Figure 4). A 
solution of polyethylene glycol (average molecular weight: 600 g/mol) in methanol was 
used as the calibration standard for HRMS determinations. To provide a background 
spectrum of the TLC slide for automatic subtraction from the analyte spectra, a region of 
the cut TLC slide that was clear from any of the four compounds of interest was also held 
Figure 4: Ion count vs time data file. Total ion counts are recorded by the 
spectrometer only when samples are placed in the ionizing beam. 
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in the gas stream for a few seconds. Exercising this background correction was found to 
give cleaner, more accurate spectra of the separated compounds. 
4.3 Analysis of a reaction mixture 
 The same technique has been successfully used in our laboratory to monitor 
synthesis reactions, such as the chlorination of 9-methylphenanthrene by the Kodomari 
procedure (Scheme 1).
6
 The progress of the reaction was checked periodically by TLC. 
Direct analysis of the TLC spots by DART mass spectrometry gave the high resolution 
spectra shown in Figure 5. It is noteworthy that even unfunctionalized aromatic 
hydrocarbons and their halogenated derivatives show up readily under standard DART 
conditions. 
4.4 Technique variations 
 Some molecules require elevated temperatures for vaporization and ionization; for 
these, the gas stream can be heated to as high as 500 °C using the normal DART 
ionization source. In such cases (MW > ca. 600 amu), glass-backed TLC slides must be 
used, because the plastic backing will melt at temperatures exceeding 250 °C. With glass 
TLC slides, the sample can be applied to the origin as a thin band, rather than as a single 
spot. It is then easier to cut through the middle of each eluted band. Alternatively, a 
single spot can be applied at the edge of the slide; however, elution behavior at the edge 
is often less uniform than at the center of the slide. 
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4.5 Purpose and conclusions 
 The history of mass spectrometric analysis directly from TLC spots goes back 
more than two decades,
7
 and the level of activity has risen considerably in recent years;
8,9
 
however, none of this work has been published in journals that are routinely read by 
synthetic organic chemists. Our goal, therefore, is to bring this powerful new technology 
Scheme 1: Chlorination of 9-Methylphenanthrene 
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Figure 5: High-resolution mass spectra recorded directly from the two spots on a TLC 
slide of the chlorination reaction mixture (Scheme 1). The spectra are pictured in the 
same order, top to bottom, as the TLC spots from which they were taken. 
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to the attention of the synthetic organic chemistry community. TLC-MALDI mass 
spectrometry has previously been demonstrated, but it is less convenient than the open 
atmosphere technique described here, and it ordinarily requires trained staff personnel to 
perform the analyses. A major attraction of the DART-TOF mass spectrometer is the 
simplicity of its operation, which makes it accessible as a walk-up instrument (like NMR) 
to large numbers of users. It can be used, of course, in low-resolution mode if HRMS 
data are not needed. 
 In conclusion, we have found TLC-HRMS to be an effective method for the direct 
analysis of a wide variety of organic compounds that can be separated by thin layer 
chromatography. With the introduction of the DART ionization source, mass 
spectrometry is destined to become an essential everyday tool for the expeditious 
identification of components in crude organic reaction mixtures, not only at the 
completion of reactions, but even during the course of reactions, as new compounds are 
being formed. 
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4.6 Experimental conditions 
The mass spectrometer used in this work is a standard, commercial, single 
reflectron time-of-flight instrument with a resolving power of 6000 (at full-width-half-
maximum), a sensitivity of S/N > 10 (10 pg of reserpine), and a mass accuracy of 5 ppm 
(rms): JEOL AccuTOF JMS-T100LC mass spectrometer with a DART 100 ionization 
source. Standard factory settings were used for the ionization source: needle voltage 3500 
V; discharge electrode voltage 150 V; grid electrode voltage 250 V; heater control 250 
°C. Normal settings were used on the mass analyzer: peaks voltage 1000 V; detector 
voltage 2400 V. 
The TLC Slides used in this work were standard, commercially available 200 µm 
silica gel on polyester backing with UV254 indicator: Some of the small background 
peaks seen in the mass spectra probably arise from the fluorophore and/or the plastic 
backing and may vary from one manufacturer to another. 
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